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THE SEARCH FOR THE METHOD 

if Earlfi-HisUry. The hUtory of the earth 
u dearly a matter of the greatest mteresc and 
importance to all of us who live upon its surface 
interest because we should like to imdentand 
the envirorunent in which we find ourselves, of 
importance because some of the events are recorded 
In materials such as coal, oU and ores upon which 
our dviliaation is founded. £arth«hisiory is dealt 
with in the science of geology, that branch of 
knowledge which is concerned with piedng together 
the recoHs that the earth herself provides of her 
own stupendous drama-^a drama that has now run 
for some two thousand ndllion years. The cominon 
opinion was, and possibly still is, that the earth was 
made exactly as it is at this moment; It thus has no 
history. This opinion was that of the leaned also 
so long as they confined themselves to speculations 
unchecked by any contacts with the common earth. 
But as scon as men went and saw what the earth 
was made of, hammered at the rocks in quarry and 
mine and so studied the records on the spot instead 
of speculating about them in the cabinet, ideas of 
a succession of events in the making of the earth 
began to germinate; the earth might have a history 
afler all. The records are the rocks and we have 
first to inquire how they came to be read. 
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FossiU and iht Forerunner- SlnM the earliest times 
it has been observed that many of the rocks contain 
objects with the shapes of shells and bones of 
animaU or the leaves and seeds of plants. These 
objects are called fossils and we now know that they 
are exactly what they appear to be—namely, the 
remains of animals and plants preserved in the 
rocks. But this interpretation of fossils was by no 
means evident to classical and medieval scholars. 
For many centuries, fossils excited their curiosity 
and stimulated their imagination, so Chat countless 
fantastic explanations of them were put forward. 
They were accounted the work of spirits, good or 
bad, or the results of radiations from the sun or 
stars, or simply rather quationable jokes by the 
Mineral Kingdom in Imitation of forms properly 
belonging to the plant and animal realms. Some 
commentators saw in them the apprentice work of 
the Creator, who rejected these early efTorts when, 
with improving skill, He had become proficient 
enough to make the present forms of life. Others 
considered It not unfitting chat Nature should ex¬ 
press herself In rocks in the shapes of plants and 
animals and, as late as the seventeenth century, 
Plot was Inclined to view these objects as the result 
of some quality in the earth which produced fossils 
as ornaments for the hidden parts the globe just 
as flowers ornament the visible parts. Even in the 
nineteenth century a learned divine of Oxford 
malnulned that the devil had placed fosslb in the 
rocks to deceive and perplex mankind. 

The true explanation of fossils, with the reallza- 
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Lion of many of the consequences that followed 
from k, was suggested by some few of the old 
writers, but it was the Foreninncr in arts and 
science, Leonardo da Vinci of Florence, the bright¬ 
est ornament of Renaissance learning, who placed 
it beyond all reasoxtable controversy. A great part 
of Italy is made of rocks containing an abundance 
of fossil shells not greatly different from many that 
exist in present-day seas. During his en^eeri:^ 
operations, da Vinci had inspect^ many excava¬ 
tions in fossil-bearing rocks and from his obser¬ 
vations had drawn a series of correct conclusions r 
Che fossils were the remains of marine organisms 
which had lived during the fonnation of tfU rocks 
in which they are now found ; they indicated there¬ 
fore that the sea had once covered Korth Italy, that 
on the floor of diis sea the shells had been entombed 
and that afrerwards the deposit enclosing them had 
been raised up above sea-level to make the Italian 
land. To quote from Edward Mac Curdy’s trans¬ 
lation from da Vinci's ’above the plains 

of Iraly where now birds dy in flocks, Ashes were 
wont to wander in large shoals i sufricient for us is the 
testimony of things produced in the salt waters and 
now found in the high mountains far from the sea’. 

The style of da Vinci’s observations and deduc¬ 
tions is of fundamental importance for the study of 
earth-history, and we may svell illustrate bis method 
in a little more detail. He had made himself 
familiar with the processes going on in the beds 
of rivers and along the shores of the sea, so that he 
was able to envisage Che entombment cf marine 
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OTgaiwms vnthin the successive layers of mud falling 
on the sea-flocr from the load broi^ht down co the 
sea by the turbid rivers. Successive inundations 
gave rise to a number of layers of mud and, when 
these have emerged &oro the sea to make dry land, 
they become compacted into successive layers of 
stone in which the entombed shells are found as 
fossils. This must be the true explanation of fossils 
and their true significance, and da Vinci proceeds 
to show that other explanations are untenable. The 
in£uence of the stars cannot have produced the 
shells in the rocks of the mountains, because young 
and old shells are found together, each showing 
thdr growth-lines, some bre^n and some whole, 
and with many kinds occurring in one layer. Kor 
can they be due to the Flood, since they are often 
found in p^rs as they grew, whereas the violent 
waters of a deluge would have separated them and 
broken them. Da Vinci uses a delightful argument 
to reinforce this conclusion; cockle shells are found 
in the rocks of Lombardy two hundred and Hdy 
miles from the sea, the cockle lives near the shore 
and moves exceedingly slowly—how could it have 
travelled all these miles in the forty days of the 
Flood? Fossils are clearly the remains of things 
that once lived, for he could 'count on the shells of 
cockles and snails the number of the months and 
yean of their lives, just as one can on the horru 
of bulls’ and he noted for example that 'between 
the various layers of the stone are still to be found 
the tracks of the worms which crawled upon them 
when it was not yet dry'. 
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Four hundred year? and more ago da Vinci had 
solved the problem of the fossiJs. He had done this, 
moreover, in the correct manner* by detailed exam- 
inadoo of his material in the rocks* by the contem« 
plation of processes in action to*day which threw 
light on the way rocks were made long ago* and by 
the consideration and rejection of alternative ex¬ 
planations. Further* having decided what fossils 
were, he had no hesitation in deciding what his 
particular samples meant—the stone eonuining 
them had been formed on the floor of a sea and hod 
then been raised into land so that where now were 
the Italian mountains had once been the sea. The 
rocks he had examined thus recorded an event that 
had occurred in the past* but even (he genius of the 
Forerunner could not make the next step. This 
depended upon the realisation that there was a 
succetuon of rocks recording a succession of events. 
This realization could follow only from knowledge 
of an extensive area* and centuries were to elapse 
before the timc-slgnlflcance of the rocks was dearly 
demonstrated. 

Light from Thuringia. The greatest advances to¬ 
wards this end were made in Thuringia about the 
middle of the eighteenth century. The two aspects 
of Thuringian geology which contributed to these 
illustrate the twofold quality of the science from 
which it draws its strength. First, the XhuringiaQ 
scene presents aesthetic contrasts that entice in¬ 
quiry; and second* the exploitation of valuable 
minerals In the Thuringian rocks keeps that inqmry 
within practical bounds, for, in such a setting* 
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»peculation8 become tested at any dme by the 
c6\d facts revealed by mining operations. 

To the north of* the Thuringian plain rises the 
mouQiain knot of the Harz, to the south the great 
spur of the Thuringer Wald thrusts out across 
middle Germany from the Bohemian highlands. 
The fundamental contrast between plain and 
mountain is enhanced by many leaser ^Herencea, 
by the style of the agriculture, the nature of the 
v^tation, the density of settlement, and even by 
the topic* of the legends. The reason for the con¬ 
trast was revealed to the ploneer^ihe nature and 
arrangement of the rocks were diflereni in the two 
Kenes. In the mountains, the rocks were harder 
and tougher, they appeared to be arranged in no 
particular way, they were clearly broken and up* 
heaved and buttressed by adventitious masses of 
granite; they had given rise to a kind of Kenery 
suggestive of an older and even hostile world. On 
thepUini wliere men could live in comfort appeared 
the kinder and more familiar stones of everyday 
life, the pleasantly coloured sandstones and lime- 
stones, in layers decently placed in uniformity and 
order. Layer succeeded layer and the mining of 
one layer containing copper demonstrated that even 
thin layers had a wide extension. The chaos of the 
mountains contrasted with the regularity of the 
plains. 

The explanation of these difierences in the fabric 
of Thuringia as records of two different episodes in 
the history of that part of the earth rtfulted from 
the detailed observations of two e4;hteenth<entury 
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naturalists, Johann Gottlob Lehmann and Chris¬ 
tian FUchsel. Lehmann (d. 1767) showed that in 
the cores of the mountains were found the most 
ancient records presented by the disturbed and 
upturned rocks, often massive and devoid of fossils, 
dating he supposed ftom the time of the creation of 
the world, These were the Primary Mountains. 
Along their fianks were arranged the flattish layers 
of fossil-bearing rocks that made the Tburlngian 
plain; these familiar sandstones and limestones 
were clearly laid down through the action of water 
and Lehmann suggested that the sand and mud 
making them had been washed off the Primary 
Mountains during the Flood, carried to the depres¬ 
sions and spread out there in layers which hardejied 
into stone as the waters receded. These layen, 
clearly younger than the Primary Mountains and 
derived from them, were thus made of second-hand 
material and eminences formed of them could 
appropriately be called Secondary Mountains, 
Lehmann demonstrated in the Secondary Moun¬ 
tains of Thuringia no fewer than thirty successive 
layers of dlfTerexit bands of rock lying in regular 
order ag;ainst the cores of the Primary Mountains. 
This was a very great achievement and it U worth 
while to study two of Lehmann’s diagrams— 
‘sections’ the geologist calls them—given in Figure 
1; it is clear from these that however wide of the 
mark be may have been in his actual dating, he 
realized that there was a succession of events In the 
history of the earth recorded in the succession of 
the rocks. 
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FtlcbMl (d. 1773) independently produced results 
similar to those of Lehmann and, besides contlnu* 
ing the succession of the rocks of the Secondary 



Plf. (. Primitry and Secaodan MouDtsinj (above) ud ihe 
SuecsNien orDeds in the ^eeoctdary Moiuitabu (below), 
seeordiof to Lehmann. (Baaed ea Plate XI, Birth oW 
^ Gtoh^Kal Suneu, T. D. Adanu, iQjBi 
wbicb ii TroiD Lehmaxm, £udi fiuu Hist«vt //ahirtut 4t 
U Tmt, Paria, 

Mountains, made two outstanding contributions 
that were destined to develop into fundamental 
principles of geological science. First, he showed 
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thAt zDADy laym of tb«se rocis wctc characterized 
by thdr own particular lrirw^^ of fecsil orgaAifim. 
He realized that id unraveUing earth'luscory in* 
valuable help would be forthcomiog from this 
draims(aaco*-lAyai may be matched or diJTeren* 
tinted by icspectioD of the orgaDk remauu found 
m them. Second, FOchscl developed the practice 
of da Vinci in stud^ng the proceoes ^ rock- 
formation in action at the present day and applying 
the knowledge thus gained u> interpret the old 
rocks as records of sixmiar processes operating in 
the past. This is a very celebrated doctrine of 
mod^ geology and one fundamental for the study 
of earch-hutory. 

FUchsel's chief work was written in Latin and he 
used a word rtrsAcsi, to mean a layer or bed of 
rock, that has become a keyword in geology. He 
applied it especially to the layers of sandstone, lime¬ 
stone, and similar meb that made up the succession 
of the Secondary Mountains, and all these beds 
came to be grouped together as the strati/ud n<kt. 
We have seen that these were obviously made by 
the deposition of sediment such as clay and sand 
from water, nowadays the terms sedimentary 
and stratified are pracUcally synonymous. This 
Introduces the first of the great groups of rocks^ 
the st^meniaiy rscb, formed for tbe most part by the 
deposition of materials from a xaovsng medium at 
the earth’s surface undo normal condiuons of teen* 
perature and pressure. Lehmann’s figurm thus 
exhibit a succemon of sedimentary, suatified, or 
bedded rocks. 
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WfTfur tAt Ji/efitunisi. Lehmann and FUchsel 
recognized a sequence of events, beg^innii^ with 
Che formation and upheaval of the moiinutn*rocks, 
foUowed by the depoaidon of the foaailiferous sedi- 
meres in hatcish beds of wide extent. These were 
conclusions of a fundamental nature, but by ill 
chance they were ignored, buried or forgotten. 
Instead of the sound deeelopmenu Irom this sure 
beginning, there appeared the dogmas of Abraham 
Werner (1749-1817) in which the nucleus of truth 
with regard to succession was encrusted with many 
fanciful speculations. 

In spite of this, Werner, who was Professor at 
the S^ool of Mines at Freiberg in Saxony, did 
many great services to geology, both directly and 
indirectly. He aroused inunense enthusiasm in his 
students, who went forth to teach his doevine to all 
the nations; in many cases, however, they found 
evidence in the rochs that their beloved master was 
unquestionably wrong, and the greater of them, 
men like von Buch and d’Auboisson, played a lead* 
ing part in demolishing the Wernerian or Mfiiimiit 
Theory, aj It came to be called. This doctrine was 
briefly this. At an early stage in its history, the 
earth possessed a very Irregular nucleus completely 
covered by an ocean of a remarkable kind, since 
its waters contained, in solution or suspension, all 
the material required to make the crust. The first 
layer to be deposited on the nucleus formed the 
well-known rock granite, and this was followed by 
a variety of other rocks made up of aggregates of 
crystal^che rocks we now call crystalline. These 
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chemic&l precipitates, as Werner thought them to 
bCi covered the whole globe and were given the 
appropriate name of the PHmitivt Re<ks\ they were 
masMve rocks devoid of fossils. The next layers to 
be laid down were the Transition Rptks, m part 
chemical precipitates and In part made up of the 
debris of the older rocks. During their deposition, 
the primitive ocean was slowly subsiding and 
mountain-tops of Primitive Rocks emerging from 
the waters. Some of the layers of the Transition 
Rocks thus extended over the whole of the earth’s 
surface but others only partially covered it. Typical 
of these rocks were the slates, and only occasionally 
were fossils found in them. The steep inclination of 
the layers of Primitive and Transition Rocks ob¬ 
served in the present mount^ns was due either to 
precipitation on the orginal steep slopes of the 
earth’s nucleus or else to the slumping*down of 
uncompacted masses of the predpitates. AAer 
Transition times, the ocean continued to shrink 
and another set of layers, dominantly made of 
material worn oft the older rocks, was depouted in 
gently inclined beds around the ridges of Transition 
Rocks. This new sec included such rocks as the 
common sandstones, limestones, seams of coal, beds 
of salt, and so on, and they correspond to those 
that make the Secondary Mountains of Lehmann 
and FUchsel. Many of them are rich in fossils; 
Werner called them the Floriz Fo<h, from a 
German word meaning bed. The last group 
to be laid down was the Aliiwial Dtposit^^ 
loose gravels, sands, and clays formed by the 
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dec&y of the oMer rocks aod occupying the Iow9 
ground. 

It wUl be noted that in the Wernerian scheme, 
the universal ocean gradually shrank; the difficulty 
presented by this disappearing ocean was met by 
permitting the waters to retire into the earth *s 
interior or to be whisked away into space through 
the attraction of a passing starts proposal of a 
very modern cast. Whatever difficulties remained, 
it was clear, as Werner said, that ‘our earth is a 
child of time and has been built up gradually*. As 
our summary shows, Werner held and taught the 
fundamental notion of an orderly succession of 
rocks as records of earth-history, however astray 
he ffkay have gone in interpreting these records. 
The essential of the Nepluniit po&ition was the 
formation of all rocks by precipitation or deposition 
from a universal ocean. We may look into the 
subsequent fate of this belief. 

The rocks on which the Neptunlst theory was 
wrecked were those called volcanic. Active voU 
canoes could be observed to erupt lavas which, 
when cooled down and solidified, gave a Kn^ 
grained blackish stone, the famous rock basalt. 
Rocks apparently identical with basalt occurred 
in ail the earlier fonned groups of Werner’s system, 
either as layers or as vertical walls or dykes appear¬ 
ing to cut up through the adjacent rocks. It would 
seem reasonable to regard all these very similar 
rocks as having been formed in much the same 
manner, one which can be seen in operation at 
present-day volcanoes. But Wemer acted against 
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reason and maintained that volcanic rocks were 
really unimportant and quite late features of the 
crust. He held that the basalt occurring as layera 
or dykes in the older rocks was so closely associated 
with other rockS; such as sandstones and limestones 
that had clearly been deposited from the primitive 
ocean, that it must just as dearly be a chemical 
precipitate from this same ocean. Sometimes these 
precipitates filled fissures and thus appeared as 
dykes or walls of basalt. 

Od anS Sm. Already in these few pages it has 
emerged many times that geological theoriea can 
only be tested by evidence supplied by the rocks 
themselves exposed In the field. It is fitting that 
Nicolas Desm areal (17^3-1815), author of that 
most excellent of geological counsels gs ofut 
should lake his own advice and produce field evi¬ 
dence that went far to solve the problem of the 
basalts. Desmarest, who might be regarded as an 
eighteenth-century one-man Department of Scien¬ 
tific and Industrial Research for France, spent 
several yean in examining the volcanic dlsiricc of 
the Auvergne In Central France. He visited, too, 
many regions of active volcanoes and pondered over 
the origin of basalt for a dozen yean Ufore he pub¬ 
lished his results in the seventeen-seventies. He 
showed that columnar basalt (similar to that 
making the Giant*! Causeway in Antrim and 
StaJTa in the West of Scotland) occurred in intimate 
association vdth rocks unquestionably volcanic; he 
traced a columnar basalt in the Auvergne to its 
source in an ancient volcano and he deduced that 
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basaln, in ocher parts of the world as well as in 
France, yfvt of volcanic origin and noc, as the 
Neptunists vainly chotighr, chemical precipitates 
from a pricnitive ocean. 

Two origins of basalt were thus before the gt^ 
logical world^o the Wernerians it was a chemical 
precipitate, to Desmarest and a number of Held- 
geoio^ts it was a volcanic product. The strife was 
between the Nepcunists on the one hand and the 
Vuleanisls on the other. It is meet that the greatest 
of Werner's students, Leopold von Buch (1774* 
1853), should become blessed with the truth in 
this matter as in other doctrines of the Wernerian 
faith. Von Buch left Freiberg iUled with seal for 
his teacher's cause. He hnt examined certain 
German basalts, found them interbedded with 
sedimentary layers, and was accordingly strength¬ 
ened in his Wernerian opinion. Next he studied 
the Italian volcanic districts and his laith, though 
at times shaken by what he saw, still survived; be 
states that he can scarcely believe his own eyes 
and that here nature actually seems to contradict 
herself. But the Auvergne proved the beginning of 
hii downfall, tie admitted the reality of its ancient 
volcanoes and that among the products of these 
were basalts, but still he clung for some time to the 
Wernerian origin of the German basalts. He next 
extended his observations to many classic areas of 
ancient and modem volcanoes, the Atlantic Islands, 
Italy again, Iceland, and Scotland, and saw for 
himself that volcanoes were not rare and excep¬ 
tional features of the crust, as Werner taught, and 
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that among their commonest products was ba&alc. 
Wemerism, when subjected to the critical test of 
field'Obaervation, had failed. 1 ts failure was demon¬ 
strated not only by Werner’s favourite student, 
von Buch, but by many another honest Wernerian, 
d'Auboisson and von Humbolt among them. 

Von Duch did not con£ne his obUrvadons to 
volcanoes, whether active or extinct, and early m 
the eighteenth century he spent two years in 
Norway, where his Wemeriim received another 
shock. In the Oslo district, he found that granite, 
as we have seen the most primitive of Werner’s 
Primitive Rocks and formed by preeipitadon from 
the primitive ocean before life had begun on the 
earth, was here clearly ofa later date than certain 
fbssil'bearing limeicones of no great antiquity. 
Further, the granite had baked the limestone and 
hftd obviously forced its way into it in threads and 
veins- From direct obMrvation, the pupil of Werner 
was compelled to admit that granite could not be 
a checiucal precipitate but must result from the 
crysuUlaation of molten rock-substance. The 
whole edifice of Wernerisra had now collapsed 
for von Buch. *Go and see’ had triumphed, as it 
always will. 

TJu Founder tff Modern Goolo^. These conclusions 
of von Buch were not new; they had been made, 
together with many of equal imporiaoce for 
geology, some twenty years before by James 
Hutton ( 1 726-97) of Edinburgh, apprentice law¬ 
yer, non-practising medical man, successful farmer, 
natural historian of the highest genius. Hutton, 
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r^bdy r^arded as the founder of modein geolo^, 
established the correct method for the reading of 
earth-history—a true interpretation will follow not 
from speculation but from observation. In Hutton's 
own words: 

No powers are to be employed that are not natural to 
the sl^he, no action to be admitted of except those of 
which we know the principle, and no extraordinary 
events to be alleged in order to explain a common a{> 
pearance. The powers of nature are not to be employed 
in order to destroy the very object of theee powen: we 
are not to make nature act in violation to that order 
which we actually observci and in subversion of that 
end which is to Ik perceived in (be system of enated 
thinfi.... Chaca and conhuion are not to be introduced 
into the order of nature, because certain things appear to 
our practical views as being in some disorder. Nor are 
we to proceed in feigning causes when those seem insuffi¬ 
cient wbiek occur in our experienee. 

Hutton's condensed account of his views ap¬ 
peared in 1788 in the hrsc volume of the Traa> 
Mtiora of the Royal Society of Edinburgh, and an 
expanded version was published in two volumes in 
j 795 as The Tfucry of At Ear A. One single work 
can rarely have had so revolutionary an effect on 
thought. Hutton’s literary style is said by the 
experta to be bad, and perhaps on this account his 
Thtofy 0/ Mr Earth occupies the same place in a 
geologist's li!>rary as Marx’s Das Kopilal does In an 
economist’s. We examine certain aspects of 
Hutton’s genius. 
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Hutton derived (be crystalluke mda such aa 
granite and basalt—the typical chemical precipi* 
tates of the Wernerian school fro m the hot nucleus 
of the eanh. He deaMnstrated in the field that 
these rocks formed veins and dykes which had 
clearly been intruded into (he surroundh^ rocks. 
They could only have originated by the consolida¬ 
tion of molten rock material and we re the igwous 
or fire-formed rocks. Here, hi the igneous rocks, 
is the second of the great groups of rocks that make 
the earth’s crust. As usual, obeervadoo triumphed 
over speculation so soon as the recks themselves 
were showed to tell their story. For all reasonable 
men the origin cd basalt and granite was settled 
once (or all. 

In his appeal to the present to furnish the key to 
understanding the past, Hutton developed the 
great principle of uniformity or wt^anmiarianim 
which I when hdly expounded by Sir Charles Lyell 
(1797*1875}, led to many ihiitfiil advances in 
geological science. We have noted the be^nnings 
of this principle in the methods of da Vinci and of 
Ftlchsel. The geologist is primarily int er e s ted in 
past events but he can interpret the re c ords of these 
only by the coorideradon c^fvocesses at work at the 
present day and accessible to his observation. 
Rocks are being made to-day in the same ways as 
they were made hundreds of millions of years ago. 
If we undentand how the deposiu of modem 
deltas, for example, are h^nng formed, we have a 
better chance of rec^nlcmg and interpreting the 
records of ancient deltaic accumulations; if we 
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observe what happens ac active volcanic orificee 
we are better equipped to study the records of 
ancient volcaoicity. Hutton, applying this prln* 
ciple that the present is the key to the past, inter* 
p re ted the common stratified rocks, such as sand* 
stones and limestones, as compacted sediments 
worn from the land and deported in the sea. 

Hutton dearly saw that such sedimeotary rocks 
were originally laid down in fiat beds but some of 
them are now found turned up on end, folded and 
contorted. In some places, these upturned beds are 
seen to be covered by an obvio^y younger set 
lying fiady across them. A drawu^ of a section 
showing this and one deacribed and discus&ed by 
Hutton is given in Figure 2- Hutton interpreted 
this relation (the technical term for it is uncon- 
fomity) as indicating a ‘succession of former 
worlds’. The older set of rocks bad been quietly 
accurouiaied for a long time and had then under¬ 
gone a revolutionary disturbance during which 
they had been folded and upheaved. The agents 
of erosion and decay, such as the wind, running 
water and ice, acting upon them, had worn them 
dovm and formed from their debris the younger 
beds resting upon them. Under Hutton’s hand, 
the Primary and Secondary Mountains of l^ehmann 
had come alive and had been interpreted in terms 
of action; a chapto* in earth-history had been read. 
Many observers before Hutton had appreciated 
the reality of earth^uipture by river and rain, 
frost and glacier, but no one bad realized before 
him the tmiversalicy in time and space of erosion 



Fig. 2. Hutrai*BUDCaDfG^ty,S«nnekshire Cmji, Scodand. 
Verlie*] SUuriHQ bedi«recoTg<dua c oofb i Tiublybyfiac. 
lyipg Ok) Red Seadirene bedi and indicate a Succession 
of urmci worlds* 


is fair to rocaU chat Dosmarest had shown in 1775 
that three epochs of volcamcity could be disCin* 
guished in the Auvergne by the degree of erodon 
and removal their products bad xindergone. The 
youngest had been scarcely touched by the agents 
of decay] the older had been iCrongly attacked azid 
for a great part removed, leaving only small caps 
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On isolated hills; the third were so old Chat they 
lay beneath a considerabCe thkilmeg of sedunencs. 
The ordinary proceses of erosion, working exceed' 
Ingly slowly but for van periods of tune, coutd 
carve out great valleys and remove enormous 
volumes of rock. 

In Hutton’s Tilery, the internal heat of the 
earth was of prime importance. It was responnble 
for the upheaval and dislocation of the bedded 
rocks during the revoludonary periods of earth* 
history, ^^thitwas to be conaei^ the formation 
of the igneous rocks such as basalt and granite. 
The ccuoUdation of the original loose mateiials of 
the bedded rocks was a consequence of its acdon. 
But this was xm aU resulted frun internal 
heat. Hutton wrestled with the problems presented 
by a third group of rocks, additional to the sedi* 
mentary and igwoua groups already noted. This 
third group now has (be name Butt m ^ r pku, a term 
meaning ’transformed’ and introduced by Lyell in 
i$33. Hutton obse r ved (bat many of these rocks 
had a bedded anangemeot and therefore must 
have bees formed in the same way as other bedded 
rocks, by (he depositioo of ma(eriab in the sea. 
They are now, however, clearly changed from 
(heir original condition, their stradficadon is dis¬ 
torted, thrir loose materials consolidated their 
composidoo altered. These changes are the result, 
according to Hutton, of the more powerful action 
of the ‘subterranean beat and expanding power*. 
Lyell considered that the transformation resulting 
in the metamorphic rocks was closely connected 
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with igneo^ activity—as opinioa, as we have seen, 
foreshadowed by Hutton. 

TTires St)iUs t>f By ibe of the nine^ 

teench century, thercTore, three great classes cf 
rocks had been established. These were formed in 
different ways and supplied evidence for three 
different kinds of episodes in the making of the 
earth. We give the modem names and dehrutlons 
of the three groups: the sedimentary or bedded 

or stradffed rocks formed by the depodtion of 
material £iom a medium at the earth*s turfoce 
under normal surface condiiioos; Msmd, the igneoxu 
rocks formed by the consolidation of molten rock- 
substance; and bVrd, the metamorphic rocks formed 
by the modification of prewusly caustin; rocks of 
whatever kind. With tlU discov^ that thin slices 
of minerals and rocks could be prepared for exam¬ 
ination under the microscope, a very great deal had 
come Co be known about the nature and origin of 
the materials making the crust 

7 tm« ersd We have been concerned 

with time In a broad way throughout the previous 
pages. We have seen that though geologists might, 
and usually did, differ radically on a great variety 
of questions, ail held to the principle that the rocks 
recorded a succeesioo of events. But whilst this is 
true, there was sdil little realisation of the con¬ 
tinuity and immensity of the record—Chis realisa¬ 
tion came only with detailed study of fossils tfaem- 
selvm and of where and in what rocks they were 
found. 

There had, of coarse, been precursors in the 
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mcerpretation of iht tuccesoon of the rocks, especi- 
aUy in the contra Icamlng in Western Europe 
QOt far distant from exposures of rocks abounding 
in fowls. For example, many Italian observers had 
early noted the aaoctatmn of certain aaembU3:es of 
fossil shells with certain Umestones in the Apen- 
nines. In our own country, Robert Hooke (1635- 
1703), Curator c( Experiments to the Royal 
Society, bad recognized the true nature of ibs^ 
and their significance 10 earth'history. By (800, 
the foundadona of historical geology, or 
were firmly laid by the labours of a group of 
French savants studying at their ease in the jhiris 
region, and by one man, but the greatest of them 
all, WdUam Smith, working at his job of civil 
engineer throughout the length and breadth of 
England. 

In the favourable setting of the Paris basin, 
French stratigraphy progrened along sound lines, 
for there the succeanve beds are arranged Id a 
simple manner, are well ex po sed and are rich in 
fossil remains not »Tilik>> living animals and plants. 
In the early years of the nlaeteenih century, the 
partnership of Cuvier (lydg-idge) the biologist 
and Brongniart (1770-1^7) the geologist was 
abundantly fruitful. They dcmonstmied that the 
Paris basin was made of a great series of deposits 
laid down in a definite order and traceable by their 
rock-characters and their fossil contents over wide 
areas. This great successioo revealed, by the nature 
of the rocks themselves asid especially by the type 
of fossil plant or animal contained in them, the 
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condlciozis of theii making^n shallow sea, znuddy 
estuary, sale b^ooo er freshwater lake. The 
geography of a particular t»nv^ in the past had 
been delineated and another chapter in earth> 
history had been read. 

Meanwhile, similar coodunons reinforced by 
generalizations oC a high order had been reached 
in England. As early as 1760, John Mschell had 
described the order a^ nature of the main divisions 
of the bedded rocks of the country and had given 
a clue CO the interpretation of the geological strue* 
(lire of this part of the crust. Later, William Smith 
(176$-(85$), the Father of English Geology— 
surely no lather of anything English could be 
better named—laboriously collected the detailed 
observations which enabled him to establish the 
fundamental principles of stratigraphy, prindples 
applicable not only 10 the homely rocks of Enghmd 
but to those known and yet to be IcMwn of the 
whole world. 

Smith’s life and work provide material for much 
reflection. He was bom of Oxfordshire yeoman 
stock, orphaned at an early age and self-taught 
apart from the rudiments acquired in the village 
school. He worked bard in his profesrion of land 
surveyor all bis life %vas never for long blessed 
even with necessary meaas. Compared with his 
contemporaries, he appeared Ul^uipped for 
eminence in geological science, and indeed he 
reached it almost by accident. In a quarter of a 
century of perambulations throxigfa England, Smith 
acquir^ a profound knowledge of the details of 
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THE SEDIMENTARY ROCKS AS 
HISTORJCAL DOCUMENTS 

Irf THE foKgoIag cbapE&r the development of ideas 
concerning the sedimentary rocks, their origin ar^ 
interpreiaiion, has been summarized. It will be 
recalled that the sediinentary rocks are laid down 
on the earth’s suriace at ordinary temperatures 
from some lind of movii^ medium. They occur 
in layers or beds or strata. They can be arranged 
in an age-sequence and their individual beds are 
characterized by special assemblages of fossils, the 
remains of the organisms that lived during their 
deposition. The study of the sedimentary rocks in 
space and time is called stratigraphy, that of their 
fossil contents Is palaeontology. 

In this present chapter ^ve are concerned with 
two inquiries. Firsts we consider the sedimentary 
rocks as revealing the environments in which they 
were formed ; and, second, we consider the succession 
of these rocks as revealing a sequence of ensdron- 
menu. In this sequence of sedimentaiion-environ- 
meats we trace the course of earih-hisEory. 

In the interpretation of these rocks, Hutton’s key 
has to be used. ‘No powers are to be employed 
that are not natural to the globe, no action to be 
admitted of except those of which we know the 
principle, and no extraordinary events to be alleged 
26 
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in order to explain a common appearance.' We 
arc thus to employ the method of unlformitarian- 
ism, we have to use the present to internet the past. 
This is supremely sound counsel, but it has its 
difficulties and we examine some of them later. 

Makirti Ou Stdimtnls. We have now to present the 
processes of making the sediments so as to display 
the origins of their derivatives, the sedimentary 
rocks. For this purpose it is but to consider the 
different fates of material, worn from the land, os 
it passes to its final resting place in the sea. The 
manufacturer or mining engineer often makes a 
chart showing the various stages in the manu¬ 
facture of his goods or the production of his high- 
grade metal from the crude ore. Such a Flaw^hnl 
far stdmanioiy rock production is shown on the folder 
facing this page and the stages in the process are 
now elaborated. 

Wtatharinf. The rocks at the surface of the earth 
are not in harmony with their surroundings. They 
have been formed under physical conditions for the 
most part markedly dilTcrent from those of their 
present environments and, though their coruiituent 
minerals seem as lasting as time, they are really 
undergoing a slow chemical and mechanical decay. 
From the original rocks, with the composition and 
textural relationships of their mineral components 
proper to the environments in which they were 
formed, now arise new ininerals and new arrange¬ 
ments more in keeping with the conditions of the 
earth’s surface. These surface conditions are ex¬ 
ceedingly variable and complex; we have an index 
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of SCUM of thorn i& the wtaoher and the geol^ist 
accordis^y talfeg of weathoiz^ aod weathering 
agents, meaoiAg by the latter the fbrcea of fflccham* 
cal and chemical decay acdag at the cajtb*s surCace. 

Weathering of the suffice rocks U essential for 
life, since the formation of the soU mantle is one of 
its consequences. The nature and pattern of the 
sod belts of the world are controlled by the kind of 
surface rock suid tbe style of weathering to which it 
has been exposed. Weathering on the moon is 
absent or at least peculiar azid the lunar surface 
supports no life. 

The cur&ce rocks are slowly disintegraced or 
decomposed. Water freezing in (beir pores exerts 
pressures which break them into angular pieces 
which accumulate in heaps at the foot of steep 
slopes. These debris piles are scr e es and a cemented 
scree forms one variety of tbe rock named breccia. 
Violeot changes of temperature, setting up com* 
plex strains, dismtegrate tbe suriace rocks, especi¬ 
ally for ctample in desert r^^os. Chereical de¬ 
cay results from (be action of turfrsce waters which 
have acquired nrygen ami carbon dioxide from the 
air and organic acids from tbe ground. Slow but 
inexorable operadoos of solution, oxidation, car- 
bonation, axtd hydration are set in motion and 
these, inseparably assooated with mechanical 
break-up, lead to tbe formation o( an irregular 
weathered mantle over the surface rocks. XHfrerent 
combinations of w^cheru^ processes will be domi¬ 
nant in the difTerent climatic belts, as a moment^s 
reflection will show. 
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Much of the material making the weathered 
mantle is transported by iccj wind, rain, or river. 
What remains forms the residual clays such as 
laterite, rich in iron hydroxide, or bauxite, rich in 
aluminium hydroxide, or the more ooirunon resi* 
due, the soils. Ancient soils of a special character 
are the seacearths found beneath coal seams. Some 
of the weathered mantle, lubricated by water, 
creeps and slumps down the slopes^processes 
called mass'movement. Zt is that portion of the 
mantle, however, which is more actively trans* 
ported that is of great interest to us as it provides 
the sediments from which the common sedU 
mentary rocks are derived. 

let Transpofl. The fhat, but not the most impor* 
tant, agent of transport is us. Glaciers and ice* 
sheets, moving out from the regions of snow* 
accumulation, scrape away the weathered mantle 
and erode the solid rocks over which they pass. 
Froiuwedged material is showered on to the surface 
of the glaciers aod adds to their load. When the 
mass of ice melts or retreats, the glacial deposits 
revealed consist of angular or subangular blocks of 
rock mixed up with hnest ground*down rock* 
powder^the whole is unsorted and not chemically 
decayed. Modem glacial deposits of this kind have 
the expressive name of boulder*clay; a dialect term 
for them is till, and ancient consolidated boulder* 
clays are called tlllito. Most bodies of ice are not 
excessively cold and streams run on and in and 
under the Ice. These streams sort out some of the 
ground-down rock-material, transport it and 
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posit it as soams of sand and ^avel in the boulder*' 
clay. In front of the meldng ice, the melcwaiera 
deposit great spreads of fluvio*gIacial sands and 
gravels, sometunes in hummocky or ridge^form as 
illustrated in the kames and eskers of Ireland, 
Scandinavia, and elsewhere. 

Wind Transport. The landii everywhere an aedve 
transportii^ agent, but especially where zoaterial 
mecluuiically weathered Is not bound together by 
a mac of vegetation. In deserts, the hne dust par^ 
deles are easily blown about; great devastation has 
been wrought in the farm lands of the Middle West 
{the ‘Dust Bowl’) by removal by wind of the fine 
soil laid bare by the ploi.^h. Under suitable coodl* 
dons wind'blown dust accumulates to considerable 
thickness, as is seen in the enormous loess deposits 
of China which are made of fine dust blown from 
the Gobi desert. More typical wind-borne or 
nlian deposits are made of larger particles—*sand, 
usually composed of the obdurate and common 
mineral quarta, sflica. Sand grains, trundled along 
by the wind, accumulate as sand dunes; the char* 
actor of the particles, such as their roundup, frost¬ 
ing, and sorting, and the arrangement of the 
separate layers sand in a kind of dp-heap struc¬ 
ture, are typical of such wind-borne deposits. By 
processes of several kinds these loose san^ may be 
converted into the hard rock, sandstone; if It can 
be shown that an acident sandstone is of eolian 
origin, it can properly be called an eollan sandstone. 

Waur Transport. Moving water Is the chief trans¬ 
porter of the weathered mantle. Rain running 
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down R slope carries the finer parDcles to the bot> 
tom to ar^Tiimofate as ralnwash. Soon^ however, 
the accioQ of the moving wnter becoms concen¬ 
trated in stream beds. Aimed with sand and 
stones, the river rasps away at its bed, the ddes of 
the bed slump In and (he river acquires a load of 
matoial which it ttanspMts. As an sample of the 
scale, it may be stated that the Misnsdppi carries 
to the sea a load of two million tons or more a day. 
A river’s load cpnasts c£ two parts, one in soludon 
and the ocher in su^mdsod or rolled aloi^. The 
load in solution is carried onwards to a lake or the 
and we examine vdiat happens to it there later. 
The amount of the mechaoicsl load a river can 
carry depends on the velocicy of the water; as soon 
as the velocity is lowoed some of the load is laid 
down. Along the river itself layeia of gravel sand 
and mud are formed—the fiuvial deporits. Consoli¬ 
dated river graveb provide another variety of 
breccia if the pebbles are ai^ular, or the rock con¬ 
glomerate if they are rounded; the fiuvial sands 
when cemented or co n sol i dated make another type 
of sandstone and the muds one Idnd of the rock 
known as shale. 

St^imtnls. Where the river runs Into a lake 
or the sea, the velodry ^ IQ water is rapidly 
checked most of its mw>.haniral load is thrown 
down as the gravels, sands, and muds of the deltas. 
Subsidence appears to occur frequently in the large 
deltas, and inroads of the lake or sea result so that 
layers of freshwater or marine character—as shown 
by their contained oiganlsms—may be formed as 
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intercalations In terrestnal dq^osits. Consolidated 
deltaic deposits provide further varieties of con¬ 
glomerate sandstone and shale, derived from the 
coarse, medium, and fine grades brought down by 
the stream. The ill-drained surfaces of the large 
deltas, intersected by irmumerable dUtributariea, 
are usually occupied by swamps in which vegetable 
matter may accumulate to a considerable thickness. 
Layers of such plant debris may be modihed to 
produce the many varieties of coal; below many of 
the coal seams are found fireclays which in some 
cases represent the old swamp soils impoverished in 
alkalis and other plant foods which have been 
extracted by the plants providing the raw materials 
for the coal seams. 

Lake Sedimenis. Some of the river’s load may find 
a resting-place in lakes. These are only temporary 
features of the scene and are doomed to be filled up 
with lake or lacustrine deporits. In the lake, the 
velocity of the water is checked and the mechanical 
load is deposited; the coarser materials form the 
deltas pushli^ out from the mouths of the rivers, 
the finer materials, ofien impalpable muds, slowly 
settle down over the lake-fioor. These lake days 
are ofien laminated by very chin layers of slighdy 
different colour, texture, or composition, aiid in 
some cases these laminations are retords of seasonal 
events; a record of a complete year is known as a 
varve, from the Swedish word mrr, a complete turn 
or circle. If, then, we could count a series of these 
varves lying one above tbe ocher we should have a 
measure of the dme taken for their deposition. This 
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has b«en done for certain varves formed in con* 
oexion with the of the ice>^eeC8 which 

recently, geologically speaku^ covered nuich of 
Northtfn Burope and America. The record covers 
a period of some S^.ooo years. 

Other varieues of lacustrine deposits obtain thrir 
material from the load in solution. The remains of 
lake organisms may accuanilaie in sufficient quan¬ 
tity CO make continuous beds; siliceous oi^anisms 
such as diatoms give rise to layers rich in thdr 
remains and thus fo r m the rock diatomite; moU 
luscan s h ells made of caldiiin carbonate contribute 
to the formation cf lake-marl and are helped by 
lim^secretlE^ organisms such as algae. Iron salts 
may be deposited oq the lake-floor in nodules or 
chin bands and give rise to kind* of iioa ore. 

Ep^oriiu. A ^>ecial set of deposts of great 
interest and imponattce is l>id down in 1 which 
have DO outleta la such lakes, the load in solution 
cannot pass through and may becotne so coocen- 
bated as to be predpitated in the form of layers of 
salts known as the saline residues or evaporitea. 
Depending upon the nature of the rocks in the 
drainage barin &om wiuch the rivers derived their 
load, salt lakes with waters rich in sodium chloride, 
sodium sulphate, alkali carbonates, borax, and 
other soluble sales may he formed. Most of Che 
great salt lakes of the present and the past show, 
however, by the cocnpcsiCioQ of their waters or of 
their deposits that their waters were originally sea¬ 
water. Bodies cf sea-water become shut off &om the 
sea and ^gatuic nacural evaporadng basins are 
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formed In which the solution is gradually evapor¬ 
ated to dryness. In a general way, the salts are 
precipitated in the reverse order of their solubility^ 
the least soluble firsts the most soluble last. The 
evaporation to dryness of an enclosed body of salt 
water would leave its record, therefore, as a scries 
of layers of diHerent evaporites-^t the bottom a 
layer of limestone made of calcice, next a layer of 
gypsum, calcium sulphate, then a layer of rock- 
s^t, sodium chloride, and hnally a layer of bittern 
salts, the very soluble sulphates and chlorides of 
magnesium and potassium. The interest of the 
saline residues to usi looking at rocks as historical 
documents, is that their pr es ence in ancient assem¬ 
blages of rocks indicates a desert environment at 
(hat particular place at a cotsun time in geological 
hUto^. 

MeriAs Sediments. We suy now fbllow the river 
lead into the tea. In the estuaries, silts and muds, 
black with organic matter and Body divided iron 
compounds, are deposited and, when consolidated, 
form yet other varieties of day and shale. In the 
open sea, sediments of great interest are being laid 
down which are the analogues of the most impor¬ 
tant of the sedimentary rocks—the common fb^li- 
ferous marine rocks which to-day make great parts 
of the land-masses. The raw materials for the 
marine deposits are provided by the river-load, by 
the wearing down of the coasts, or by transport by 
ice or wind. The solid materials are in a very 
general way sorted out into belts parallel to the 
coasts. Along the shores are formed accumulations 
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of shingle which, on consolidatioo, woitld give the 
rock cor^lomer&ie. The pr ese nt continents ere 
bordered by smooth submarine plains extending 
seawards for seventy miles or more. The shallow 
seas covering these continental shelves are places 
of vigorous activity; sediments of many kinds are 
being made there and life is varied and abundant. 
It is probable that the majority of the ancient 
marine rocks were formed in shallow seas. 

Inshore the medium grained sands are laid down 
and show by such characters as rjpple'jnarks that 
they are formed in no great depth of water; pieces 
of marine shells are common in them. When such 
sands are consolidated, usually by cementation of 
some kind, they provide the common marine sand¬ 
stones. Some marine sands are rich in the green 
mineral, glauconite, a hydrated silicate of iron and 
potassium, and these greensands or glauconitic 
sandstones are common among the marine rocks. 
Flocculation of iron compounds brought in by the 
rivers leads to the deposition of other iron-bearing 
minerals. When suffi^ntly pure these deposits are 
destined to form ironstones. In quieter waiers or 
in the deeper waters towards the outer margin of 
the contineotal shelves, the hnest land*derlved 
materia) is deposited as mud which, dewatered and 
compacted, gives the days and shales of marine 
origin. 

The countless organisms that live in tire sea make 
their shells, skeletons, and other hard structures 
from (he substances dissolved in (he sea>water. 
Most marine creatures utilise calcium carbonate, 
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aod ia warm io which little l&nd>derived 
xziaterial U dq^osited their remalos may accumU' 
late as 9hells> shell fragments; shell sand, and dust. 
Worked upon by cementation processes, these eal* 
careous depouts are converted into the many varie¬ 
ties of limestone. In the tropical seas of to^y, 
corals and algae are biulding up coral reefs by the 
accumulation of their calcareous hard parts; 
amilar action in the past is indicated by the occur¬ 
rence among the sedimentary rocks of reef-Ume- 
stoaes. Other limestones are formed by the con¬ 
solidation of carbonate predpicaced &om 

sea-water and many of the oolitic limestones, made 
up of spherical grabs of caJdte, have been made in 
this way. Marine organisms that build their hard 
parts of silica, such as diatoms and radiolaria, may 
sometimes accumulate on the sea-floor in sufficient 
quantity to form siliceous deports of diatomite or 
radiolarite. 

Beyond the contbental shelves and slopes, the 
present ocean floor sinks to profound depths and is 
free from river-home laod-derived material. The 
deei>water sediments, formed at depths greater 
than 2,000 fathoms or so, must consist therefore of 
the remains of organisms leavened with wind-bome 
material, chiefly volcanic dust. The contribudng 
organisms are the foramlnifera and pteropoda, with 
calcareous skeletons, and the diatoms and radio¬ 
laria, with siliceous ones. The deposits are called 
ooses—an expressive word that exactly fits their 
physical character. Since calcium carbonate is 
more soluble m sea-water than is silica, the cal- 



THS SSDIUEKTAKY ROCKS 


37 

careous ooss do not roach su c h great depths as the 
sUiceous oozes. When the water is deep etioi^h 
even the ^ceous skeletons diaolve before reaching 
the sea-boitOB, so that the deepest part of the 
oceans is floored by a depo^ of decayed water^ 
l o g ged puznice wmd'bome volcanic dust 
known as Red day. This remarkable deposit 
accumulates with su^ ertreme slowness that cer¬ 
tain of its ingredients—meteoridc dust, whales* 
ear bones, and shario’ teeth (some of extinct species) 
—which clearly have been contributed only at 
relatively rare intervals are found in very con- 
aiderabie quantities. 

Tht PciUni ^ Se^ifTuitiaium. Our 

survey of the manner of formation of modem sedi¬ 
ments and their derivatives, the sedimentary rocks, 
is now completed. Reference back to the *flow- 
sheet* facing p. 27 will enable the common sedi- 
mentazy rocks to be related to a fy j i a in process of 
manufacture or to a foirly restricted choice of pr^ 
cesses. These p ro ce s ses depend upon their environ¬ 
ments and we may now view the present environ¬ 
ment of sedimentation as a whole. 

The pattern of che many environments of sedi¬ 
mentation of to-day is controlled by the pre enc 
arrangement of lands and seas and their climate 
and relief, so (hat the phyri^Taphy (or what used 
CO be called the geograj^y) c/ the present deter¬ 
mines whm and what sediments arc made. It 
would be a &zrly dmple Tnan<*y to make a map 
showing the distribution of the dlfloect ViT\<4y ^ 
present-day sediments, aiwl such a map would not 
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differ much ii^in ft compoiite of physical and 
climatic charts. It v/ould indicate, for example, 
where eoli&n deposits were being formed, where 
shallow marine deposits, where estuarine deposits 
and so forth, as^ these regiom would naturally be 
related to the present deserts, shallow seas, and 
estuaries. The geologist uses a term/oriar to denote 
the total characters of a rock—its composition, tex* 
Ture, structure, fosul contents, and all its other 
qualities. These characters depend upon how and 
where the rock was made, so we can speak of an 
eolian facies, shallow-water marine fkcies, estuarine 
facies, and so forth, meaning that the rocks in ques¬ 
tion bear in themselves the hallmarks of having 
been formed by wind action, or in a shalldw sea or 
in an estuary. Our map of modern sediments li 
thus a map of the (aclei of to-day. 

The facies to be shown on our map would be 
developed fram the 'flow-sheet* facing p. sy. The 
major division would be between the land facies 
and the marine facies, and in each division sub¬ 
divisions could be rna^ for any special end. The 
land facies would comprise the eolian, glacial, 
fluvial, and lacustrine, the marine &cies the shal¬ 
low water, deeper water, and abyssal. To complete 
the picture there are the very important facies 
developed on the hinge, as it were, of land and sea; 
they are the deltaic, estuarine, and shore fades. 
When these ten facies have been delimited, we 
should have an excellent picture of the sedlmeniion 
of the present time. 

Some finicky person might require a demons- 
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tration of Cbe lact that all the sediments dealt with 
were *of the present time*. This would be estab¬ 
lished by tracing the several facies into each other 
^by showing for example that a modem deltaic 
sand gave place one way into a fluviatile sand and 
another way into a marine sand and this into a 
marine mud> If the evidence of transition was not 
acceptable to the critic, we might try to establish 
the contemporaneity of all to-day’s sedin:Mnts by 
finding In ^ of them remains of cbe most wide¬ 
spread organism of to-day, namely man. Pieces of 
Spitfires or, more happily, of Messerschmidts, 
mighc be found enclosed in all facies of modern 
sediments and would be Just ts reliable a guide as 
the best foesils: to-morrow diey will be fossils. This 
process of eitablishing the contemporaneity of 
deposits or facies is called ccrreioiicn and on both 
large and small scales is the chief preoccupation of 
the geologist concerned with sediments or icdU 
menUiry rocks. 

PatUns^ifu Piut an Earlh^fJislory, It is admitted, 
then, that the facies pattern of to.day could be 
established; the basic work has In fact been done 
already by the cartographer and meteorologist. 
Tc^day’s pattern, however, is slightly different 
from yesterday*!, and the pattern of to-morrow 
will be slighdy differont from to-day’s since the 
processes of weathering, erodon, transport, and 
deposition work continuously, even though their 
action is exceedingly slow. The sliallow sea, for 
instance, is daily booming shallower by the day’s 
deposit and the shallow-sea &cies is changing into 
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a shallower^ea facies. The facies pattern of lO'day 
gives a 1*6001x1 of to-day’s events in the histoiy of the 
earth. The whole history of the earth will be re¬ 
corded by a sequence of Innumerable facies pat¬ 
terns joined up, as it were, into a continuous film. 
Just as the sediments forming now give a record of 
the present so the sediments formed previously give 
a record of the past. These ancient sediments are 
the sedimentary rocks. By investigating these, the 
geologist deciphers as many of the former fades 
patterns as his knowledge permits. He applies the 
doctrine of unifbrmitarianism to the sediinentary 
rocks and, from their facies, he attempts to recon¬ 
struct the environments of past sedimentation for 
innumerable instants of dme in the history of the 
earth. 

The geologist could perform this bis supreme 
task with great satisfaction if be knew all about the 
past and all about the present and if he were sure 
that processes in the past had always gone 00 like 
similar processes at the present. These provisos are 
by no means fulfilled. To begin with, it Is difficult 
to investigate many very important processes of 
modem sedimentation, as, for example, those in the 
deeper parts of the sea—yet marine sediments have 
always predominated throughout earth-history. 
Further, as we see immediately, lew rocks of the 
crust have preserved without change the characters 
they possessed as raw sediments; the charge sedi¬ 
ment CO sedimentary rock is in most cases a real 
change and may lead to the partial obliteration of 
the original dl^nostic features. Again, the pre^ 
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cess of mecamorphism may completely destroy the 
original nature of any rock. Besides* ancient sedi¬ 
ments can never be revealed in their enurcry but 
must be more or less concealed beneath younger 
accumulations. Lastly* it is likely that the present 
is, geologically* abnormal in that it is a sample of 
geol^caJ dme ^^licb is only typical of a small per* 
centage of the whole; leasoos for this o^nion are 
given later. Ac present, the condneois probably 
stand higher than at any previous rime in the his- 
tory of the earth cmain geological processes 
are accordingly difierenc in their rate, if in nothing 
else. The earth has proceeded with its physical 
evolution during its arvH past physical 

controls may not be exactly like their analogues of 
to-day. Organic evolutioo, too, has been a con¬ 
tinuous process and the earth's dura and fauna 
have changed with rinw. For m^ampic, the spread 
of the graces, a geologically recent event, must 
have led to a marked change in the extent and 
nature of earth-sculpture and the consequent 
eroslonal anH depositional operations. All dxese 
criticisms, and many more, are doubtless justified. 
It is certain that unifonnitarianism is not perfectly 
true for all time. Neveriheles, there is no ocher 
key and we must do our best (and it is really a 
very good best) with this one. VVhile remaiiung 
always humble and watchful, we should Imd com¬ 
fort in the likelihood that the wind has for a very 
long rime blovm as it does now, that rivers have run 
as they run now, that axtdent waves were much like 
modem waves, artd chat a sand grain, for example, 
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fell through water when nothing alive had been 
created to see it» Just as it falls through water in 
front of the dn^amera. We must cling to uni- 
fipnnitananisin so long as our conscience pennies. 

Tht ffecordf nutf bt Ohfctatd. It has been men¬ 
tioned that the sedimentary roclss, as they are now 
exposed malting the earth’s crust, are in most cases 
dIFerent from the newly formed sediments from 
which they arc derived. This difference results 
from a variety of operations. Pressure, as for 
example that of overlying beds, may lead to harden¬ 
ing and compaction of the raw materials by the 
weldii^ t<^ther of the constituent particles or by 
the expulsion of water. Marine rocks are free fi^m 
salt, though marine sediments are deposited in salt¬ 
water. Solutions of various origins moving through 
the porous materials of the crust set In motion great 
changes. From them, cementing materials may be 
deposited in the pores, and a loose incoherent sedi¬ 
ment such as sand converted into a hard rock such 
as sandstone. Concentrations of particular sub¬ 
stances result in the formation of concretions such 
as those of fUnt In chalk. Chemical reactions and 
replacements may be so complete as to modify pro 
foundly the sediment acted upon. Hecrystallisation 
is brought about especially earily in rocks made of 
tite more soluble miucTalsj an accumulation of 
shell fragments, made of the relatively soluble 
mineral calcite, calcium carbonate, may bo re- 
crystallized into a coarse mosaic of caldte grains 
from which all trace of shell fragments has dis¬ 
appeared. Compaction, cementation, replacement, 
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and recxTstallization roay this di^iuse co varying 
d^TMS the original nature of the sediments from 
which the rocks as we now view were derived. 
Tune by itself does not make ft sediment into a rock 
—some of the most azKient sediments are still iocch 
herent accumuUooQS^'but ft selection of these 
special processes is necessary. The technical name 
for these proceses of rock*makiog is diage/ufis^ 

The applicfttioa of the principle of uniformi- 
carianism to the sedimentary rocks may thus be 
greatly hindoed by diageneris. It may be made 
impossible by those more profound changes^ re¬ 
ferred to in the previous chapter, produced in rocks 
by the operation of metaioorphism. Dlagenesis 
works ftt temperatures aul presuies not much un¬ 
like those of the earth’s sur&ce, whereas meta- 
morpHsm involves high temperatures and strong 
pressures and, on many occasions, vase quantities 
of powerful Suxes and regents. All this means that 
sedimoitary rocka subjected fo mecamorphism may 
lose such or^oal sedimentary characters as may 
have survived diagenesis. We should reader hom¬ 
age to the sapient Hutton who, in spite of these 
difficulties, recognued bedded rocks among the 
metamorphlc group. The metamorphic rocln are 
very widespread in the earth's crust and many of 
them are of great antiquity. Hiese early pages of 
earth-history will al%vays be difficult to decipher 
and will often be tUegible. 

Though diagmesis »rtA metamorphism may 
reduce the evidence of a rock’s ori^n and our own 
ignorance limit our intapreiadoa of what remains 
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visible, still we CEn apply the key of imiformi- 
Uriaoism v,dth succea sufBoiently often to make the 
doemne our fundamental principle in the reading 
cf history in the sedimentary rocks. 

Additional difficulties in the reconstruction of the 
environments of past sedimentation result from 
disturbance of the earth’s crust during the violent 
revolutionary periods of earth-hbtory which we 
examine in a later page. As a consequence oi 
these, the original order of the sedimentary rocks 
may be upset or gaps produced in their succession. 
In spite of all these diifrculdes, the incerpretadon 
of the sedimentary rocks as historical d^umena 
has given a surprisli^ly certain and complete 
record. 

TJu Records in Spau and Time. This record may 
be examined in two ways, as regards place and as 
regards time. The changes in the &cies of one 
as they are followed from place to place yield a 
picture of the geography of chat time, and pciiaeo- 
geographical iru^ are made exhibiting the dlstribu* 
don of lands and seas, mountains, deserts, lakes, 
and other physical features existing durlr^ the 
fbrmadon of the fades of any particular time. On 
the other hand, at any one place, a sequence of 
frides is provided by the succession of the sedi> 
mentary rocks present at that place. A sequence 
of fades therefore gives a recewd of the changes 
of the geography and fauna of any particular place, 
and these changes over the whole globe constitute 
earth'bistory. These two aspects of facies charges 
may be broadly generalized as follows: horizontal 
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changes of the facies of one time reveal the geo¬ 
graphy of that time; vertical changes of the facies 
of one place reveal the changes in the geography of 
that place. We may now develop and illustrate 
these two concepts. 

Spc£4~ Perhaps the most famous group of rocis 
in Britain Is the Old Red Sandstone, known to 
many either from the classic descripdoiu of Scottish 
scenes by Hugh Miller or from the equally classic 
description by Bret Harte of the conduct of 
scientific debate on the Stanlslaw on the ocher dde 
of the Atlantic when, it wiU be recalled, the pro¬ 
ceedings interested a participant no more after ‘a 
chunk of Old Red Sandstone caught him in the 
abdomen’. The British Old Red Sandstone con- 
dsts of a great accumulation of red sandstones, 
breccias, and cor^omerates with iucercaladons of 
fUgston<3 and shales which contain fossil fish. 
These fish are very remarkable in that some of 
them possessed internal breathing organs like 
lungs; they can be compared with the present-day 
lung-fish of Australia which can live through 
periods of drought by burying itself in moist mud. 
Apart from remains of primitive plants, few other 
fossils arc found in the typical Old Red Sandstone. 
From the detailed examination of the nature and 
relationships of the sediments, especially the 
coarser varieties, and of the fosrils—that is, from 
the fades of the Old Red Sandstone—it can be 
concluded that it was deporited on a land under 
semi-arid conditions. Torrential floods sweeping 
out fit>m the mountains of the time spread debris 
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ia great ^ees over the intervening iioUow8» some 
of which were occupied by transient l a k es in which 
lived the luf^-fish and his contemporaries and 
aloi^ whose shores grew the primitive land plants. 
This Old Red Sandstone land must have resembled 
parts of Central Persia of to-day- 
This land'facies of the Old Red Sandstone is well 
developed in Scotland and it is represented to the 
south in Herefordshire by the red rocks of that 
county. Rocks of the same age m North Devon on 
the other side of the Bristol Channel show signih* 
cant difierences: a few bands are of Old Red 
Sandstone fades but most of the deposits of the 
time in this posidon are clearly of marine origin— 
they are coaiae sandstones, shales, and thin 
stones with manne fossils. Here is clearly a mixture 
due to oscilladons of the sea-margin of a land-fades 
of Old Red Sandstone type and a marine facies, 
which is called the Devonian type. Zn South 
Devon, the marine fiicles alone is found and the 
Devonian rocks were deposited in a cleaner and 
posdbly deeper sea than those farther north, since 
they now consist of shales and thick organic lime* 
stones. This marine &cies of the IDevonian can be 
traced over wide e:q>anse$ of Southern Europe and 
indicates a Devonian Mediterranean. Detailed in¬ 
vestigation of the ^cies changes in subdivisions of 
the Devonian rocks in Wescem Europe throws 
further light on the distribution of land and sea 
during the deposition of this group of rocks. !n 
Figure 3 is presented a reconstruction of the 
geography of the time during which the lower parts 
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of the Devonian rocks were formed. This is an 
example of a palaeofeographical map and is based, 
as we have seen, upon the changes of &des of one 
group of rocks formed at one timi" as it is traced 
from place to place; the rods have revealed the 
geography of their lime. Two points immediately 
arise (or discussion. 

The hrst point is concerned with the establish¬ 
ment of contemporaneity of the deposits, that is, 
with their correladon, to use the technical term. 
This is attempted in several ways. So far as 
ezposures permit, the difierent fades are traced 
into one another directly; assemblages of fossils of 
one kind or another are matched up; the beds next 
younger and those next older are traced and corr^ 
iated and it is concluded that what is in between 
these upper and lower boundaries is Devonian or 
Old Red Sandstone. The second point arises from 
this last remark: the taken for the formation 
of the Devonian rocks as a whole can be reckoned 
in a way we deal with later in this chapter, and is 
suggested to be 40 million years; we have previously 
decided that the facies-patterns are changing daily; 
a palaeogeographical map labelled Devonian or 
even l^wer Devonian can therefore bear only a 
superficial resemblance to a present-day geo¬ 
graphical map^the time units dealt with are of 
different orders, 40 million years and one day. 
This criticism is of course completely justified and 
a geologist expert in Devonian stratigraphy would 
be the first to admit it. With the advance of 
detailed knowledge of the Devonian rocks, or of 
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any other rocks, it is hoped to deal with the facies 
changes in smaller and sinaUcr sets of rocb and so 
to produce palacogeographiqal maps averaging out 
the geography of smaller and smaller units of 
time. 'Die ideal would he the corrcladon of iacics 
changes indicated by the product of one act of 
sedimentation throughout its area of acdon. The 
attainment of this ideal is siill far in the future, but 
for some subdivisions of the stratigraphical record 
dealt with in paiaecgeographical maps the 
interval has been cut to a small fraction of that of 
the example used here- We may now leave the 
consideration of horitontal changes of ^ies of one 
time CO deal ^viih the significance of the vertical 
changes of fricles at one place. 

Timt. The development of the idea that there 
might be an ordered succession in the sedimentary 
rocks has been summarized in the preceding 
chapter. These ideas culminated in the funda¬ 
mental generalizations of William Smith. Vertical 
changes of fecies arc recorded by vertical changes 
of rocks; at once Smith’s ‘law of superpowdon' is 
used in interpretation—the rock originally at the 
bottom of the series is the oldest and is succeeded 
upwards by successively younger beds. So soon as 
the sedimentary rocks are viewed as depodts then 
the law of superposition is obvious. Ac any one 
place, then, it can be established by patient piecing 
together of the evidence afforded by the field 
exposures that the sedimentary rocks occur in a 
definite sequence^ in the absence of proof to the 
contrary, it is established that this sequence is the 
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ori^nal order of deposidon, so that the changes 
of facies vertically can be read off in the changes 
of the rocks and mterpreced as changes In geo> 
graphy of the place. Two significant types of 
changes have been registered timi" and again in 
geological history by the sedimentary rocks and 
must be examined and understood before other 
eacamples are considered. 

The fust type is the record of the advance of the 
sea over the land leading to the deepening of the 
sea at any particular place: this phenomenon is 
called a maritu irmsgrusien; the retreat of the sea 
from the land is a ngnssiM. We may deduce how 
these two movements of the iea*level are revealed 
in the succession of the rocks. Coiislder a trans¬ 
gression first. 'The record at any one place might 
begin with beach deposits made up cf pebbles of 
older rocks and constitutiAg the rock con¬ 
glomerate. Ai the transgression developed, shallow 
water deposits are laid down on the b^h deposits 
and could be represented in the rock-succession by 
sandstones, ofren ripple-marked or glauconitic. 
The sea continuing to spread, deeper-watcr deposits 
are formed on top of the shallow water ones, so 
that the sandstones are found passing upwards into 
shales, consolidated deeper-water muds. The 
record {Tig. 4} of the transgression is provided by 
the succesnon conglomerate: sandstone: shale-^ 
witness to beach: shallow-water: deeper-water at 
that particular place. Now consider the regression. 
The deep sea Is replaced by a shallower sea and 
finally by land. Deep-water sediments are sue- 
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ctedtd by shRllow-watta* ous, th«se by csmarioe 
or beach deposits and the episode may ck«e, when 
^ergence is compfccc, by the formation of 
deposiis lA lakes, riven, desem. or other environ¬ 
ments on the new land. The record (Fig. 4) of the 

regr^on might be given by the succosion— 
marine shale: marine sandstone: escuarine shale: 
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eoiian aandstone with salt beds and marls. These 
deductions and eitamples arc clearlyovcr^iinpljlied. 
As will be readily admitted, complications may 
anse through a variety of causes as, for tnsUnce, 
halts or even reversals to the progress of the move¬ 
ment and changes in the relief of the centributary 
lands. When we study later on certain episodes in 
gBolcgical history in detail we tha\\ employ the 
simple rules wc have just been following. Now we 




5 * 


OBOLOOT 


coDuder certaiQ other aspects of the consequencea 
of the advance and retreat of the seas. 

Th« Trajugr$ssion. As a transgression proceeds, 
the sea comes to cover more and more of the land- 
areas, and the successive areas of sedimentation are 
accordingly enlarged. The later membcra of trans* 
gressive rock^eries, therefore, have a greater ex- 
tendon than the earlier, and any one bed may 
o^^lap (to use the technical term) the bed below. 
The overlapping beds may rest vnconfamahly upon 
the rocb which made the land surf^e over which 
the sea has advanced. These relations may be 
made clear by a consideration of the geological 
consequences of sinking England or Eire or Ger¬ 
many or whatever country one would like to see 
sunk. The land masses, as will be shown later, are 
made up of rocks which have been disturbed to 
greater or lesser degrees during the revolutionary 
periods of earth-history: the beds of sedimentary 
rocks may have been folded so that they no longer 
have their original horiaonial attitude: all the 
rocks of the land-masses have, moreover, been sul> 
jected to chose ^ents of weaihering and erosion 
whose work we have already examined, and great 
portions of them carried to the sea. Sedimentation 
on the floon of the shallow epicontinental seas may 
continue without interruption during a trans¬ 
gression, so that the records are compl^ and the 
rock^ccesuon is a concordant one. As soon as the 
tran^ressfve sea begins to cover the land, however, 
its sediments are deposited on the deformed and 
eroded rocks of the land-areas, part of the record 
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is znisui^, and the newer rocks rest disccrdanilji or 
unccnfoma^ljf upon the old rocks of the Und. From 
the overlapping relation of the succcsdve beds the 
direction in which the sea vw advancii^ can be 
deduced. 

We may display their reladonship, and prepare 
for others whi^ come up for discussion immedi¬ 
ately, by trying to represent what might be the 
arrangement of the sediments deposited in the sea 
if it were to advance northwards from Brighton 
across the Weald to beyond London. The seciiony 
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as the geologist calls it, given in Figure 5, demon¬ 
strates the ascertained &ct that the Weald and the 
London area are made of a series of sedimentary 
beds which have been gently folded into an arch 
and a basin. Permit the agents of erosion to plane 
oft the rocks Into a more or less level surface, 
sloping gently southwards, across which the sea 
advances northwards from Brighton. In this trans¬ 
gressive sea might be deposited a series of over¬ 
lapping deposits, conformable on the site of the 
Channel, unconformable on the old rocks frrther 
north. Similar relationships are foxind time and 
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in the great pile of se<limentary rocks and 
they record the same events as our proposed 
Brighton transgression. In fact, what is posubiy 
the greatest of all transgressions in earth-history, 
one dignified by the name of the Cenomanian 
transgression, is revealed in the rocks making the 
Weald and labelled Cretaceous in Figure 5. You 
are by now equipped to read the or so million 
years of earth-history recorded by these Cretaceous 
rocks. Let us proceed. 

A Grtoi 2nundAl\M. The Cretaceous rocks of the 
Weald rest upon a group of beds of limestone, 
calcareous sandstones, shales, and gypsum, in the 
main of terrestnal facies and deposited upon a 
laztd-mass. The earliest Cretaceous rocks give 
evidence of their deposition In a Wealden lake \ 
these WtnUtn beds are clays and sandstones with 
freshwater fossils. They are succeeeded by the 
Grtvisa^, a marine glauconitic sandstone—the 
Wealden lake had been drowned by the rising sea. 
Next follows the Genii, a marine clay, and then 
the characteristic Cretaceous rock, the Ouilk, a 
marine limestone. The transgressive nature of the 
Cretaceous sea is revealed by the progressive ex¬ 
tension of the area of deposition of its sediments, 
an extension evident even in so small an area as 
South-east England. Thus, deep borings in London 
show that the Gault is the earliest Cretaceous rock 
to be deposited there—the Greensand sea had not 
advanced so far north, and not till Gault times 
did the ridge of old rocks beneath London become 
submerged. This extension of the Cretaceous sea 
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was not conirned to South-east England but is 
recorded &om all over the world. It is this world¬ 
wide advance of the sea over the lands that provides 
the interest and Importance of the Cenomanian 
transgression and we may now bneAj^ consider 
this remarkable event in earth-history. 

In the Srilish area, marine sediments of Upper 
Cretaceous age were deposited over a very much 
wider area than the Lower Cretaceous. They over¬ 
lap the older rocks of this group and, farther 
afield, are found lying on rocks of a much greater 
antiquity. Outlying beds of Chalk and associated 
sediments occur in Northern Ireland and in the 
Western Highlands of Scotland. The deduction is 
warranted that the transgresive seas of the Upper 
Cretaceous spread over most of the British Isles, 
chough, admittedly, itreiches of ancient rocks 
remained as islands in the waters. From the 
British region, this shallow ica extended over great 
areas of Southern Europe as vast bays and gulls 
penetrating between lan^ of old rocks such as the 
Ardennes, the central plateau of France, Bohemia, 
the Balkans, and other projecting relics. Denmark 
and Southern Sweden were inundated and the 
northern coastline of this vastly expanded Mediter¬ 
ranean ran from Scania across Russia and beyond 
the Caspian into the Himalayan region. To the 
south, the sea swept into the heart of the African 
land-mass and Upper Cretaceous marine sands 
were deposited in what is now the Sahara. Farther 
to the east, Syria, Irak, and Iran were covered and 
the sea extended by way of the Himalayan region 
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and Burma to the Indian Ocean. Important, but 
less spectacular, marine invasions are recorded by 
the Upper Cretaceous rocks of Last Africa and 
Madagascar, of Peninsular India and the Cast 
Indies, of Australia, Japan, and Eastern Siberia. 

A acnilar story of the drowning of great expanses 
of the land areas beneath the waters of the Upper 
Cretaceous sea is revealed by the rocks of this age 
in the Americas. By (he time of the maximum 
transgression, the shallow sea had made not only 
broad incursions over what are now the coastal 
areas of the Atlantic and Gulf states, but had 
spread as a wide strait from Mexico to the Arctic 
over the site of the present Rockies (see Fig. 96}. 
Similarly, in South America, the position of the 
Andes was occupied by the Upper Cretaceous sea 
and less extensive marine invasions occurred on 
the Southern American land-mass. 

At this time, then, the shallow seas of the Ceno¬ 
manian transgression had advanced across vast ex¬ 
panses of the lands of all pails of the globe. The 
movement of the shoreline was a worldwide event 
Jact that must control speculation as to its 
cause and to the cause of such movements in 
general. There is no general agreement on this 
question, the diversity of opinion arising from 
different estimates of the strictness of the con¬ 
temporaneity of the movement in different parts of 
the globe and of its universality, steadiness, and 
regularity. Attraction of the masses of the waters 
by the continents or movements of the water as a 
consequence of changes in the velocity of the 
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earth’s rotation are ruled out as explanations by 
the known distribution oC the tran^essive seas of 
various times. Slight movemene of land^maases up 
or down would give rise to great regreniona or 
cransgresiona, and some geologists, impressed by 
the tilted elevated shorelines of Scandinavia, favour 
some such mechanism. Others call upon move* 
meats of the ocean floor, either as an aHermath or 
as a precursor of a revolutionary episode. Sub¬ 
sidence results in a regression, elevation in a tran^ 
gression. An influential school relates the trans* 
gression to the accumulation of sediments upon the 
ocean floor to that the wacen overflow on to the 
lands. It Is not a confession of defeat to propose 
that these and other causes, working sometime* 
together and sometimes against one another, may 
supply the complex conditions for advances and 
retreats of (he seas. Such occur, whether we believe 
we have explained them or not. 

Thi Rtgnsswn. We may now consider certain 
aspects of regressions. We have already noted that 
the succession of rocks recording a retreat of the 
sea nsay end with land deposits. As soon as the 
land emerges from the sea there it a chance of a 
break in the record of sedimentation. There may 
be no deposition at a particular place so that certain 
pages of geological history were never written 
there. The new land is more likely to be subjected 
to erosion and some of the rocks making It removed 
so that certain pages of history, though written 
there, have been destroyed. The sediments laid 
down in a later transgrcaslon will rest, as we have 



OBOLOOY 


5 « 

aU«ady seen» auotiforme^ op the older rocks and 
there ii a in the succession of smica. 

An oample of such a break in the record of 
sedimentatfon is revealed by the relation in South* 
east England between the Cretaceous rocki and 
those labelled Eocene diqdayed in Figure 3. 
Eocene time in this regioo was characterized by an 
advance of the sea from the east during; which the 
Eocene rock^^he moat famous of ^em is the 
London Clay, that haven of mfety for the bombed- 
out—were deported in succession farther and 
farther to the west Detailed investigation shows 
that the base of che Eocene beds is not in contact 
everywhere with the same bed of the Chalk below. 
In diEerent places the Eocene rocks rest on different 
subdivisions-^ sones» to use the technical name— 
as determined by thdr characteristic fossil con¬ 
tents. From this, geolofical hhiory aAer the Cenc^ 
nunian iransgreaioo can now be read: the chalk 
beds deposited during this transgression must have 
been warped into a stfies of gentle flescures and 
the upper parts of this remo^^ by denudation 
before the advance of the Eoce ne sea. The ex¬ 
tended history iw Southeast Ei^land is accord¬ 
ingly CenomanlsiA transgression, deposition of the 
Chalk, then regression, sli^t folding and erosion, 
and then the Eocene tmnsgressioa. 

The flexuring cf the Chalk just coosideTed is only 
on a gentle scale and the between 

Eocene and Cretaceous rocks is revealed only alter 
careful work. Trajagresdons following the major 
revolutionary periods of earth-history pnvide 
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much more specucuiar displays, for, as we see 
later, during these periods the rocks have been 
subjected to violent disturbances of folding, con* 
tortion, and iracturing. Transgressive beds de* 
pouted upon the bevelled folds and futures of 
such a b^menc may complete the evidence for 
breaks of worldwide significance. An unconformity 
cf this spectacular type enabled Hutton to draw 
his noble conclusion concerning a ‘succession of 
former worlds’ and in Figure s has been given a 
drawing of the unconformity used by him. 

Th$ Trohlm of Prmwwntfr. Prom the foregoing, 
ihe Impression has been obtained of the constant 
interchange during geological lime of land and sea 
over great areas of the eruii. Mountains have 
taken the place of seas, and seas have Invaded the 
wom-dovm once mountainous lands. For the most 
part, the facies of the marine rocks now found in 
the land'masses clearly indicate that the trans- 
gresnve seas were shallow. The invasion by shallow 
seas of low lands is a fact reasonably admitted by 
all. ^Vhat is i subject of vigorous debate, as it has 
been for a century, is whether the really deep parts 
of the ocean floor have ever been raised to make 
land or the land sunk to make ocean deeps. Axe the 
earth’s major features permanent or not P 

As we have seen, the deposits forming to^ay on 
the floors of the deepest ocean have a characteristic 
and peculiar facies. The Red Clay and any rock 
made from it would provide marine rocks of so 
striking a type that they would be readily recog* 
nixed and interpreted. Such abyssal deposits have 
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not be«n idectiiwd aa tBldog part tn the structure 
of the coatineats. It is true chat at certain loc&lides 
is the Bast r,TA West Indies rocks seemingly 
abyssal lades are fbuivl, but these areas are ex> 
ceediogly unstable at the present tune and local 
upheavals of even deep pans of the ocean floor may 
be admitted as posnble. The virtual absence of 
abyssal rocks frt^ the pile of sediments making 
the condnents, indicates lo many geologists that 
tbe deeps have never been raia^ up to make 
land. Tbe argument collapses if it is substantiated, 
as ti suggoted by some, that tbe Red Clay and 
associated deposits are pectiliar to present-day 
sedimentation and tvere not formed at all in the 
past. 

A survey of the old sedimentary rocks reveals 
that they are dominantly of shallow-water type. 
Unlee we violeit fluctuations in the 

amount of water in (he ocesm, it seems reasonable 
to believe that deeps lo contain the oceanic water 
have been in existence for a great length of time. 
If oceanic deeps am thought to be raised up, other 
oceanic deeps have to be made to receive the water. 
When in later chapters we consider the consticu* 
tion of (he earth*s crust, we find,^ir, that columns 
of the crust of the same cros s s ec tion are in balance 
(in iwiatic is (he whnWT term), and, 

second^ that (he condoental are comparable 

to rafls of lighter material buoyed up or floating 
in a continuous ttmtfrr layer which underlies the 
continents and floors the oceans (see Fig. i6). In 
a crust made in this way, tbe leplacement of 
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oceanic deep by a land'mass would clearly be a 
chemical and physical operation of gigantic magni* 
lude requiring forces of enormous power and pro- 
diicu^ worldwide results of a patently revolu* 
tionary character. 

Many geologists therefore prefer to believe that 
the sites of the deep oceans were established early 
in the esLrth*i history, but even those who are of 
this opinion are obliged to contemplate the 
crossing of the deep oceans by a variety of land* 
connexions Lut d Mgu —at intervals throughout 
geological time. The distribution of pbnts and 
animals, both modem and ancient, is responsible 
for this amendment. There are, for insunce, 
certain remarkable eorrespondences in the faunas 
of various ages on the two sides of the Atlantic. 
On many occasions, the arrangement of the facies 
on what are now the two shores has been alike. 
We have, for example, the surprising fact that a 
group of ancient sedimentary rocks In the North* 
west Highlands of Scotland bears little resemblance 
either in lithology or fosnl-contertts to rocks of the 
same age deposited in Wales, but is very like a 
group found in the Eastern United States. Such 
examples could be multiplied and when reinforced 
by the study of the migrations and relationships of 
fossil plants and animals lead to the proposal that 
land-bridges are necessary. Along such bridges or 
along their shores the animals could move (0 give 
these cross-Atlantic similarities. The mechanical 
difficulties of sinking such land-bridges are con¬ 
sidered to be very much less than in raising an 
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abyss! floor aod especially when the notion of Che 
stepping'Stonea of an archipelago is subsdtuccd for 
that of the condnuoua bnflge. 

A standard opinion, then, is chat the permaoence 
of the greater featura of the earth is beyond debate. 
For a greac part of geological daiei coniinencs and 
oceans have had more or leas the same general 
shapes and positions as they have now. Their 
outlines have been trimm^ and moderately 
modified only. Admittedly there have been formed 
at various limes rather unstable zones where sub> 
sidcnce and upheaval have undoubtedly occurred, 
but such zones are nt gumis, neither true deep 
ocean nor true continent. We can postpone the 
consideration of these labile belts of the crust till 
we deal with the revolutions that illustrate their 
fates and content ourselves with restating the 
standard opinion favouring permanence of ocean 
deep and continental mass. 

During the last few decades, however, standard 
opinion has been assailed &om an unexpected 
quarter. In this period, the developrnenc of what 
Is known as the theory of eontifunicl MJi has queried 
(he ^vholc basis of permanence. As we shall 
examine this theory in a Uttle detail in later pages, 
we need do no more than introduce it and indicate 
its implications now. The possibility of the light 
continental rafls floating upon a denser continuous 
substratum has been mentioned in an earlier 
paragraph. On the theory of continental drift, it 
is propel that these rails can move, take up new 
arrangcTDents and change their positions relative 
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to the poles. At one time all the now separated 
continental fragments were collected into one great 
land-mass, so that the major features of the earth 
were simply one ocean and one continent. The 
continental mass was broken and the fragments 
have drifted apart and taken up their present 
positions (see Fig. id). The Atlantic is the much 
enlarged fissure produced by the Americas drifting 
away westwards from the Old World land-masses. 
Xf continental drlfr has occurred, the arrangement 
of ocean deeps and continents is changing con¬ 
tinuously and the earih*s major features are by no 
means permanent. 

This brief discussion cf the problem of per¬ 
manence has raised a variety of topics in earth- 
history, some of which we consider later. It serves 
to illustrate the character of many geological 
questions. In investigation of the materials of the 
crust the exact methods of physics and chemistry 
are employed where they are appropriate, but in 
the study of earth-history there comes a time when 
these methods cannot be used. The geologist then 
considers a complex tangle of different styles of 
evidence and endeavours to draw reasonable con¬ 
clusions from it. His methods are geologu^ and, 
in all geological problems, are superior to those 
proper Co any other science. 

l^vidiTig Uu Rtcord. We now leave these stirring 
topics for the more sober one of the dlvi^on of the 
record of the earth’s history into manageable 
portions. Geologicsd history, like human history, 
is a continuous narrative, and in both there must 
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be an element of anifidality is their subdi%^on. 
The aecettions meet lti«y have not disturbed 
the current of human history and such ripples as 
they have produced have been felt over a restricted 
Compas; it is posrible Ibr ocample that even 1066 
is a date witbmt spedai significance 10 the story 
of eleventh<entury Qkina. Likewise, many ge^ 
logical events important in the record of one of die 
Wstem European countries vdtere the subdivisions 
were first made may have left linle trace in America 
or Australia. The stupendous span of earth-history 
must, however, be broken up in some way even 
though the pieces may require trimming before 
they fit ail regions of the crust 
In the previous chapter we noted the beginnings 
of a division in the record in the worit of Lehmann, 
FOchsel, Werner, and othen. Terms such as 
Primitive, Transitioo, Fleets, and the like came to 
acquire an age-ngcuficaocc in addition to their 
original lithological import But it was the genius 
of Hutton that ^ovided the fundamental advance. 
His Interpretation of the uoconfonnabie relations 
between the rock^roups of the Berwickshire coast 
as indicating a * succession of former worlds’, meant 
in terms of earth-history that a revolutionary 
period separated two lengthy periods of sedimenta¬ 
tion. The earlier cf these periods was the Primsjy, 
the later the jirmidiy, ia the old usage of these 
terms. A third divisum, youi^er than the 
Secondary and styled the was erected by 

the French geologists eariy in tbe mneteenth 
century to indicate tbe tune of deposition of the 
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rocks of the Paris area which succeeded the Chalk. 
Soon the fossUiferous rocks came to be aceomrao> 
dated in three groups called Primary, Secondary, 
and Terdaiy, though the limits were not the old 
ones. This grouping acquired stability when the 
life characterisde of the three groups was compared 
and contrasted. It was found that the oldest group 
contained fairly simple shells and the earliest kind 
ofBshes; that in the middle group pride otplace was 
taken by the reptila; and that the latest group wtts 
characterized by mammals. The general aspect of 
the life of the three main tras was so distinct that 
catastrophic extincdoni and new creailoru were 
envisag^. The obviously profound changes in the 
style of the earth’s inhabitants appeared to coin* 
cide with the revolutionary, unconformity-making, 
episodes and as a consequence the tripartite classi¬ 
fication of the fossUileroui rocks became so firmly 
established that it is the one idll employed, though 
many of its foundations have since been shown to 
be insecure. Soon a second set of three names, 
reflecting the difierences in the organic world 
during the three great eras, was proposed: Palaeo¬ 
zoic (Ancient Life) for Primary; Mesozoic (Middle 
Life) for Secondary; and Cenozoic (Recent Life) 
for Tertiary. Present-day usage is Palaeozoic, 
Mesozoic, and Tertiary—a usage indicadng either 
a robust, even though illogical, spirit of inde¬ 
pendence among geologists, or else (what is more 
likely) a consequence of their inability to spell 
Cenozoic (Caenozoic, Gainozoic, Kainozoic) at 
all consUtently. The three main divirions of time 



66 


GEOLOGY 


recorded by the fossiUftfous rocks are thus (he 
Palaeozoic, the Mesozoic, and (be Tertiary eras. 
We nay now acamioe more cSoetiy tome general 
^uoiioQS arising from sulxlivtsion. 

Though admittedly the Ule ^ (be three eras was 
difrerent, there can be no qusdM) of sudden ex- 
dnedon and replaceiDent of (auoas. There has 
been a continuous evoludoo of orgaiuc beings, and 
the impression of breaJa in this orderly itzccessian 
results from the quickened rate of evolution during 
(he revolutionary periods of earth-history. Extra¬ 
ordinary movements of land and sea then tried the 
inhabitants, modifications adapted to the new and 
rigorous environiDents bad to be r^iid to be 
successful, and a new creadoo seemed suddenly to 
replace the old. But somewhere or other the 
evolutionary scquesKc was complete. 

As we have seen, the break in sedimentation 
r^psiered by in uncoofonnicy may be of so striking 
a character that it was naturally used, when 
correctly interpreted, In the pardtkm of earth- 
history. But this kind of break can be only of local 
importance, since we cannot conceive of the revolu- 
dons that give rise to it afreedng at one time the 
whole crust of the earth. The gap in the history 
represented by the unconibnnity must be bridged 
somewhere. In spite of its ddects, however, the 
stradgraphical break was used, and idll is, as a 
basis of division in the rock-ouccesrioa. 

The break is but one result of disturbance in the 
earth’s crust and other consequences may provide 
less restricted criteria for our subdivision. During 
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the revolutionary disturbances, the land-masses 
become broader and higher-^ condition recorded 
by a regressive series of rocks. Material is now 
removed by erosion from the raised land-masses to 
Che sea-basins, with rhe result that the tvatera spill 
over on to the lowered land—a condition recorded 
by a transgressive series of rocks. The oceans are 
connected, so that changes in sea-level must be 
worldwide. Here, then, appears to be an ideal 
method of subdividing our record: a standard unit 
of geological history should be that of one trans¬ 
gression and one regression. These movements of 
sea-level prolbundly e^ect the course of organic 
development. Restriction of the seas, extension of 
the seas, changes Iti marine currents, in tempera¬ 
tures and in the airangemenu and connexions of 
the minor seas, provide critical conditions fbr life. 
As a consequence, successive faunas may be 
developed with ^nificant characteristics depend¬ 
ing upon the changing marine environments of 
their forxnatton. Acco^ingly, both the lithology 
artd the fossils of the rocks assist in the employment 
of transgressive or regressive series in the classifica¬ 
tion of geological time. Unfortunately, worldwide 
movemenu of the sca-levei are most likely not such 
simple events as we have just supposed. It is 
probable that a great tramgression, fbr example, is 
a very lengthy affair, proceeding in some cases In 
a jeri^y fashion and complicated by independent 
movements of the land-masses. In spite of these 
defects, major movements of sea-lcvcl are clearly of 
great importance in earth-history and are to be 
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used wiiffe poanble ia dividing geological time. 
Inspecdon d* Che o(d eeobluhcd drvuions shows 
that socDc are ideal—Cra a sg i ea sk m plus re g r es siop 
-others have two cr more such Bows and ebbs, 
and others only a portffti of either. Wemuicmahe 
the best of things. 

We have already noted the necessity of a con¬ 
tinuous evoludon of orgaoivns during the forma* 
ikffi of the fossillferous rocks and have examined 
the possibility of a re1ari<«ship between this 
organic evoludon and the progress of phyncal 
events. It follows that there s^ld be a succesuon 
of faunas or floras each characterisik of a more or 
less welMeBned period in earth-history-^ con¬ 
clusion established empirically, as we have seen, 
by VAIIiam Sccuth. U is along these lines of bio¬ 
logical change with time that a udsfactory 
classification of (he rock-record is to be reached. 
To this end, It is clearly pcccssary to deal with 
marine rocks deposited an deeper waters, since 
sediments laid on Land or an the shallower seas may 
supply only an incomplete record. Standard 
continuous sequences of such rocks have to be 
established and their fbsial contents at innumerable 
horizons investigated, so that these portions of the 
geological record are cswf. Zoning is the splitting 
up of the series of rocks into small subdivisions 
characterized by a certain fbssU or ^una; it is 
possible because of the complexity of organic 
evolution. Kowber^ of course, can the whole 
colossal of the sedlmoitary rocks be (bund 

piled up in successaon into one ccodnuous column. 
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The sequence has to be laboriously assembled 
pieceoieal by deified correladoo of various secs of 
beds from place to place until the complete 
stra^i^kal c^xmn, as it is called, is built up. 
The fundamental work is the aoning; different 
parts of the strati^phical column have new been 
zoned with differing degrees of rehnement and 
zoning still goes on. The types of zoning employed 
for rock'Sci ies of various ages are illustrated in later 
pages. It Is sufficient to realize now that deuuled 
investigation of the ibssll contents of the sedU 
mencary rocks leads on the one hand to their 
matching or correlation and on the other to their 
differentiation into their age-groups. 

After these counsels of perfection, it is chastening 
to find chat the actual subdivisions of the strati- 
graphical column In everyday use are a very mixed 
assemblage, built up in a variety of ways. Many 
of the phenomena employed are local—<he rocks, 
or their fossils, or their unconformable relations 
seen in restricted areas of Western Europe. But in 
spite of the seemingly haphazard nature of the 
coUection, the subdivluoiu have for the most part 
attained a stable worldwide application. We have 
already noted the division of geological time 
record^ by the fosiliierous rocks into the three 
eras Palaeozoic, Mesozoic, and Tertiary; the next 
subdivision of time is the ptriod, recorded by a sec 
of rocks known as the ^slen. It is the geological 
systems that we have had in mind in most of the 
previous remarks. Our first classification of the 
sedimentary rocks as records of earth-history is 
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praented in Table 1 on p. 71, and we may now 
introduce tbe nomenclature erf* the syatems shown 
there to illuMnte tbe variety of their sources. 

Let us begin near tbe bottom of Table 1 with tbe 
period narned Cambrian. Tbe rocks deposited 
during this period cootsin the oldest fossils so lar 
discovered, apart from a iew diluted and pro1> 
lematical forms found in sdU older beds. The oldest 
fauna of the Ckxnbriao rocks is characterized by a 
particular genus of a group of animals* now ex¬ 
tinct, known as trilobites {see 20); the genus 
in question has been gsven tbe name The 

purpose of this preamble 11 to define a lower limit 
of the Cambrian rocks, and this limit is taken to 
be the beds contaiaing the OUntUus fauna. Whilst 
the OUmllus beds are the oldest IbiiUiferous rocks 
they are by no means tbe oldest rocks. They are 
found to lie unconUnmably on a great assemblage 
oritsll older rocks which mi^t reveal, if we could 
decipher it, a history perha^ three times as long 
as that read from tbe Cambrian and all the tuC' 
ceeding fossilUerow rocks. This complex series of 
rocks older than (be OUmliMt beds bks received a 
variety of ukd has been sulgected to a 

variety of classificadons mainly of doubtful 
validity; in this book, we pr opos e to call them all 
by the simple and esceUent tsm Pn-Cm^rian — 
excellent because it expresses the demonstrable 
fact that these rocks are older than the Cambrian. 
The base of the nratigraplucal column, then, is 
mado of the Pr^Camixian. 

This is a coavenient c^portunity to note in 
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parenthesis a usage of such words as Cambrian, 
Devonian, and the other di\asonal names which 
may have puasled the reader. It is the practice of 
geoioglsTs to use these words both aa adjectives and 
as ciouns. We talk of the Cambrian System, the 
Cambrian Period, or a Cambrian rock or fossil; we 
also talk of the distribution of the Cambrian, the 
iacies of the Cambrian, or the fauna of the Cam¬ 
brian. This is a very convenient practice and does 
no harm. 

Inspection of the column of Table i shows a set 
of three periods, Cembriant Ordwtrisa, and Silunatiy 
which together make the older pan of the Palaeo* 
zoic era. Rocks of these three systems are well 
developed in Wales and the Welsh borders, where 
they were investigated over a century ago by 
Murchison and Sedgwick. The Cambrian is named 
aher North Wales, where Sedgwick fim studied 
rocks of this age; the Ordovician and Silurian are 
so called from the countries of two Celtic tribes, 
the Ordovices and the Silures, in which rocks of 
these systems are displayed in classic sections. 

Following the Silurian, comes the VwniM 
period. In an earlier page we have used the rocks 
of this system to display a nouble contrast in facies 
in the British area and the employment of facies- 
differences in the construction of palaeogeographi* 
cal maps. The name of this period is Devonian, 
derived from the localsCy where the marine facies 
ofrocks of this ^ was studied by the early masters. 
The non-marine facies in Britain is that of the Old 
Red Sandstone, a descriptive name implying that 
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there is a new red sandstone as well. The Devonian 
is succeeded by the Carbcmfmus (coal-bearing), 
smother descriptive name recording the occurrence 
of beds of coal amongst the sediurents of this system. 
In Britain, the Carboniferous rocks are followed by 
a series in which red sandstones are abundant, and 
an excellent name for this series is the //sw J^sd 
Sendstoru, contrasting with the Old Red Sandstone 
beneath the coaUbearing rocks. The name New 
Red Sandstone is, however, less suitable for the 
rocks of this age found in other places, since it hai 
reference to continental rocks, whereas, as we have 
seen, the most suitable stratigraphicol divisions are 
baaed upon marine successions. The marine 
equivalents of the lower part of the New Red 
Sandstone of this country were studied a century 
ago by Murchison in the province of Perm in 
Russia and the name Pinnian for the period waa 
introduced. The upper part of the New Red Sand¬ 
stone is divuible in Germany into three and was 
accordingly called the Tnir, a title now used for 
the period, despite the local and continental 
character of the German rocks. The division 
between the great Palaeozoic and Mesozoic eras 
is made between the Permian and TViu which, as 
we have just seen, are linked in Britain as the New 
Red Sandstone. This statement illustrates the 
difficulties that have resulted from the fact that cho 
early fundamental work on the sutigraphical 
column and its subdivisions was done in North¬ 
west Europe where certain of the systems axe of 
non-marine fades. 
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Tbe Mesosoic era coBwe of the THajsic, Juraa* 
9 ic> and Cretaceous periods. Wc have already noted 
the origin oT the name of the firat of these. Jurassic 
is derived from the Jura Mountains where rocks of 
this age are well displayed. In EngUedj events 
during the Jurassic period are recorded by the 
clays and hmestones of a belt of country running 
from the Doraec coast through Somerset, the Cots- 
wolds, and the Midlands to the Cleveland HIUs in 
Yorkshire. These rocks, occujtu^ in well-indi¬ 
vidualized layers and abomalu^ in foasUs, supplied 
the material for William Smith's fundament^ laws 
of stratigraphy: they are has 'likes of bread and 
butter' ajul many of hk names of Jurassic rocks 
have reached worldwide ^plication. The third 
system, completing the Mesozoic, is the CntactouSt 
10 named bemuse its most prominent bed in North¬ 
west Europe k the white chalk, enta being the 
Latin for chalk. 

Passing to the Tertiary era, we have a group of 
names ending in -«a» E sa m , OUfoetm, Mioctfu, 
Plioesm; these namo 'dawn of the recent', 
'little recent', 'less recent' and 'more recent', and 
were instituted by Lyell on the basis of the per¬ 
centage of shells belonging to sdh-Uving specla 
that were found in tbe rocks of (he several systems. 
The development of knowledge concerning the 
faunas of these beds and a different concept of what 
an ideal system should contain have rendered this 
basis largely without meaning. Tbe divisions are 
narurally now based upon the actual faunas occtir- 
ring in the rocks. It is found useful to group thme 
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reUtiv^ly short stretches of geological time or 
relatively thin successions of rocks into two —• 
Paitucgem to include Eocene and OHgocene, and 
//hgfm CO Include the Miocene and Pliocene. By 
this grouping a nearer approach is made to the 
ideal geol<^cai period> a record of a cransgresslon 
and regression. 

We have now arrived near the top of the strati- 
graphical column and have sampled the heter^ 
geneous collection of names used for time or rock 
divisions. In spite of this heterogeneity, the classi¬ 
fication works. Geologists would be very unwilling 
to substitute for it a brand-new k^cally consistent 
nomenclature; they prefer what they have and its 
very blemishes are felt to record the painful stages 
of its natural evolution. Of eot2rK> a classlhcatlon 
largely based upon local and, on occasion, anoma* 
lous occurrences in Konh-western Europe is found 
to creak in some pans when applied to other 
regions of the globe. In some countries it is felt 
necessary to recut part of the column. Thus, in the 
United Slates, the Carboniferous period is divided 
into two, the earlier called Mississlppian and the 
later Fennsylvaoiati. On the Continent, the name 
Ordovician is not much used; the Ordovician is 
called Lower Silurian and our Silurian is called 
Upper Silurian. These are matters about which 
the reader of this book need not worry; we shall 
obtain a satisfactory picture of earth-history what¬ 
ever subdivisions we use. 

There now remains the very top of the strati- 
graphical column to consider. The latest stretch 
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of geological tinw* s chaiaetcrised by two events: 
^ widely extended gUdaooo, and tbe development 
of man. These evms aie coasidered by some to 
be sufficiently remarkable to reqture a separate 
period and even a separate era ia the aomencUture 
of eanh'hmcry. Accordu^ly, another -mt name» 
(meamog nmt f$ 6 m/) has bees coined to 
represent this time. By some authorities the Pleis¬ 
tocene is added to the Tertiary to make the great 
division of tbe Cenos^ (or however it is spelled)^ 
by others it is made tbe beginning of a new era, the 
C^atemary. Admittedly, gladition is a remark¬ 
able event in tbe bktory of tbe eanh and man is a 
remarkable animal, but tbe recent glaciation is not 
a unique happening and man’s advent on the stage 
of earth'history is, from the geological viewpoint, 
exceedingly recent and trivtal. We propose in our 
Table simply to place Pleistocene at the top of the 
column a^ leave it at that. 

There may seem lar too many names of one kind 
and another used in (he divisson of geological time, 
but it should be remembered that tl^ time is 
immensely long. By comparvoo, tbe very much 
shorter period of human hbtory as described in the 
books is simiiarly biffdeDed, or embellished, with 
many names. There is do need for the reader to 
mcmorke the geological nimn fhr/ will be 
acquired by uw and accordiagly we give in 
Table i our first statement on eartb-hxicory. It is 
not a full statement aod in later chapters many 

additional details of several will be added. 
There is in Table t, however, one remarkable detail 
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which requires a dernonstradon Immediately, and 
that ia the alignment of ages in definite mlllioos of 
years to the various geological periods. We look 
into this matter now. 

Gtolo^ed Tim in Tears. In an earlier page, the 
interpretation of certain laminated clays, the 
varved clays, as records of the depotiis of successive 
yean, has been mentioned. By the use of such 
annual layers, the ewnts of some 95,000 years have 
been studied during the retreat of the Ice of the 
Pleistocene glaciation. Certain banded sedimen¬ 
tary rocks of early Teniary age occurring in the 
Western States and interpreted as varves are con* 
sidered to record some few million years. But these 
are small and disconnected fragments of earth- 
history and it is unlikely that the whole gigantic 
span will ever be dated in terros of years by these 
methods. We have to search for phenomena 
which have persisted throughout geological time, 
even though the division of the scale Is less fine. 

We have seen that the rocks making the surface 
of the earth are continuously being removed to the 
sea, there either to build up the s^imentary roc''J 
or to contribute to the amount of the substances 
dissolved in the sea*water. Proposals have been 
put forward for the utUlEatJon of the rates and 
results of these processes in estimating geological 
time; one of the earliest of these proposals was 
advanced by Halley the astronomer in 1715. They 
are concerned either with the rate of sedimentation 
or of the addition of salt to the sea-water. If we 
knew the volume of the whole of the sedimentary 
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rock& and also the amount of the mechanical load 
carried to the sea by the riven in a year, we could 
estimace how long it had taken to form the pile 
of sediments. Similarly, if we could measure the 
amount of sodium In the sea and the amount 
annually delivered by the rivers, we could make a 
calculation to show how long it had taken the sea 
to obtain its salt. Some of the measurements 
required can be made with a fair degree of accuracy 
but, on a great number of counts, these hour-glass 
methods are thoroughly discredited. Many objcc* 
tions can be raised, but only one, and that die most 
serious, need be stated h^. Though geological 
processes have possibly worked in much the same 
way throughout geolo^cal history, they have cer¬ 
tainly not worked at the same rate. Earth-history, 
as we have seen, is a record of immense periods of 
quiet when the land-masses were low and erosion 
was slight, interrupted by short periods of revolu¬ 
tionary unrest when the land-masses were raised 
up and erosion was accelerated. The present is such 
a time of geological revolution, with the continents 
probably showing a more developed relief than 
ever before in the history of the earth, with 
extremes of climate never reached before and with 
processes of erosion working at abnormally rapid 
rates. Accordingly, measuiemeuts of any erosive 
process, however accurate they may be for the 
present time, are abnormal for the greater part of 
geological time. An hour-glass in which the sand 
runs through at an inconstant rate is a poor time- 
measurer. We must search for some change which 
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proceeds at an unvarying speed. Such a change is 
provided by ra£oactw» dea^. 

The elements uranium and thorium are the aub> 
jecu of a series of transformations brought about 
by the emission of various particles or rays and 
resulting in the production of Radium G in the 
case of uranium and Thorium D in the cose of 
thorium. At the same time, eight atoms of helium 
are formed from one of uranium and six l^m one 
of thorium. Radium G is chemically identical with 
the kind of lead having an atomic weight of 9o6 
and Thorium D with the kind of lead having an 
atomic weight of 908. Ordinary common leadi not 
formed by radioactive decay, is a mbiture of many 
kinds of lead and has the atomic weight of 207'ai. 
Lead from a uranium or thorium parent can thus 
be ree^niacd. So soon, therefore, as a uranium or 
thorium mineral is formed, radioactive decay 
begins, the mineral starts to 'wearout' and the 
stable products, helium and lead, to accumulate* 
Under favourable conditions, all the helium and 
lead so formed may be preserved and their quan* 
titles measured. The rates of these changes can be 
measured or calculated; for example, the amount 
of lead with an atomic weight of sod formed in a 
year by the radioactive decay of a million grams 
of uranium is now gram. Nothing we can do 
seems to be able to change the rate of these trans¬ 
formations. Neither very high nor very low tem¬ 
peratures, nor tremendous pressures, nor the most 
powerful magnetic fields, nor a great variety of 
chemical environments affect the rate. Here seems 
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CO be provided & constant change, contrasting 
rnarkedly wiih the violently inconstant changes 
proposed for the geological hourglass. There are, 
of course, a number of corrections and adjustments 
to be made, but the results based on both the 
helium and the lead determinations are so con- 
wtent among themselves and with one another as 
to inspire confidence in them. 

It is important to realize what it is whose age is 
being obtained; it is a uranium or thorium mineral 
when the lead determination is used or a fine¬ 
grained igneous rock when the helium is deter¬ 
mined. These minerals or rocks still have to be 
fitted by methods of geological observation into the 
straiigraphical column and their gMiogical age 
decided. The field-relations of a uranium mineral, 
for example, to the rocks in which it occurs may 
indicate that it came into existence u such during 
early Cambrian times; its age, when determined, 
gives an age for the Lower Cambrian rocks. 
SuHlcient age-data of this kind are now available 
to permit the drawing-up of a stratigraphical 
column in a linu^caU, tvith the relative duration 
of each geological period represented by appro¬ 
priate lengths of the column. This has been done 
in Table t. The oldest mineral so far investigated 
has the great age of nearly fi,ooo million years; 
the oldest fossillferous rocks, the Oldest Cambrian, 
arc about 500 million years old. From these figures 
we obtain an idea of the immensity of Pre-Cam¬ 
brian time, a time at least thrice as long os that 
recorded in the great pile of fossillferous sedimen* 
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ury rocks. Wc begin to realiie, too, chat the earth 
herself is of a very respectable antiquicy. The 
question as to how old she is as a planet is the 
business of the astronomers ; let us be satisfied for 
our part with the 2,000 rruUion years. 
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INTERVENTIONS FROM THE DEPTHS 


7 ht Jpaous Ritks. We hftve seen that early in the 
tuaeteenth century three claasee rocks bad 
become well established, the seduneaiary, igneous, 
and metamorpbic. The igneous rooks v.^ere those 
formed by the c o n so l idation of molten rock-sub* 
stance and they gM tbeir name from the observed 
fact that samples of dus molten material were seen 
to be poured out from volcanoes, regarded as 
‘burnisg mountains*, often shrouded in *smoke’ and 
providing other appearances of 'Fire* (vrur)* 
know now that volcanoes are not 'burning', that 
their *tmoke* is largely steam, and that no process 
of combustion goes mi in their eruption. In spite 
of tbU, we can still use the tom agrieous if it la 
properly defined, and we cannot do better than 
accept the definitioii given in the En^hp^Ha 
Brilamea, especially as this introduces another 
fundamental term. Tbe definition runs: 

alligaeouscocksbaveceosoUdatedfromaitste of liquid¬ 
ity, tbe liquid that fioiUy consolidates as rock being 
technically reTared to ai magma. Rock*mafTiia is a 
complex solution carrying gases, the most Ini' 

poraat of whkh is water. 

We obtain a sample of an igneous rock and 
acquire an iaaght into its production when we 
8e 
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examine the consolidation of a lava issuing to>day 
from an active volcano. As soon as it was recog¬ 
nized by uniformitariaR arguments that such rocks 
were foimed by the freezing of molten rock material, 
it became dear that this must have come from 
deeper levels in the crust or had been made in 
such deep levels and later revealed by erosion. 
Hutton remarked that *a volcano should be con* 
udered as a spiracle to the suburran«an fumace> in 
order to prevent the unnecessary elevation of land i 
and fatal cfTects of ea^thquakes^ The lava of the 
volcano poured out on the earth*s surface and other 
portions of magma froaen and consolidated before 
it could reach the volcanic orifice obviously came 
from below. It is with these decided Interventions 
from the depths that we have to deal first in this 
chapter. 

Th« VoUm Roch. It happens that at this present 
time a vigorous discussion is going on among 
geologists concerning the origins of many of the 
rocks hitherto accepted as fulfilling the require¬ 
ments of the igneous defuiidon just quoted. It will 
be beat, for reasons that develop later, to consider 
now only those rocks that unquestionably satisfy 
the requirements. The crux of the dehniUon is the 
consolidation from molten rock-material, magma •, 
no magma, no igneous rock, is a fair statement of 
a reasonable position. Let us see a little more about 
magma. 

Magma is completely fluid. It is seen to issue 
from volcanic oriflces as lava. From the behaviour 
of volcanic eruptions and from the nature of the 
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rocks formed by the conaolidarioa oflavas, ma^ma 
must have bcpth noo-wlatik and voUtHe constic- 
ueats. The aon>volatile compouents appear in the 
rocks as the common mino'alsj the voladles 

give rise to (he clouds of steam and other gases so 
prormnent in erupooos. The igneous rocks result¬ 
ing from the consolidarion of presently lavas can 
be matched with others fbrm^ at many epochs in 
the past Umfomuariaoism teaches us that it is 
reasonable to interpret these ancient rocks as the 
products of ancient volcanic erupdons-^ey are 
old igneous rocks of enkwsse type. Further* in the 
crater walls of many volcanic piles, there can be 
observed d^ces, veins, and sheen of rock, exactly 
like that derived bom consolidating lavas, which 
can reasonably be interpreted as due to injection 
and soUdidcadon of magma before it could reach 
the earth*! surface. These modem vUnsw igneous 
rocks can be Tnatehed by simUar rocks of varied 
geological ages. There are dearly a great many 
ancient and modem rocks which fulfil the definition 
and are unquestionably igneous. Prominent among 
these are the basalts and most of them are extruded 
on the earth’s suriaee. 

This group of undoubted igneous rocks, closely 
associated with volcanic aedviry, may be Kparately 
dealt with as (he Vticemc mh. We now have to 
acquire a little knowledge of them so that their 
dgnificance in the history of the earth can be 
properly assessed. 

A great many of the Volcanic rocks can be seen 
at the moment of their binh in active volcanoes 
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where magma, poured ouc as flows of lava, solidifies 
as it cools aod can later be studied chemically and 
microscopically. Certain varieties of lava arc 
viscous and, on cooling, produce in many cases 
natural glasses which, when chemically analysed, 
are fourid to have about 70 per cent of ailica, 
silicon dioxide, :d their composition. Other lavas 
are more fluid and when solidified appear stony, 
rather than glaiiy, due to the crystallizatiou of a 
variety of minerals, mostly silicates, flom the 
magma as it cooled down. A very common stony 
Volcanic rock is our old friend baUu; the average 
amount of silica In basalts is found to be about 
49 per cent. The geologist calls volcanic roela rich 
in silica add igneous rocks, and those poorer in 
silica, such as basalt, ^asic igneous rocks. The acid 
and basic Volcanic rocks solidifying to-day around 
the orifices of active volcanoes can be compared 
with rocks of similar types formed, u shown by 
their relationships to the associated sedimentary 
rocks, in the past by the consolidation of lavas 
erupted from ancient volcanoes of many dates. 
With these truly effusive Volcanic rocks, poured 
out upon the earth*s surface of their time, It is 
reasonable to consider the Intrusive sheets and 
dykes, mostly of basic character, which are simply 
lava or magma that has solidified before it could 
reach the surface. It Is necessary to repeat this 
point, since the Volcanic rocks, as the term is used 
in this book, include more than the surface lavas 
of the orthodox classifieaiion—our Volcanic rocks 
are all those related to volcanic activity. 
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Hundreds of Vokamic rods* indent and modem 
have been chemicaUy analysed and tbeir com* 
podtious are found to vaiy between somewhat 
restricted limiB, ranging as regards sUica percen¬ 
tage £h)m about 73 per cent in the most acid types 
down to about 45 per cent in the most basic. A 
cbemical analysis of a rode is a lengthy budness 
requiring the services of a skilled chemist, but the 
geolo^t can, however, obtain a great deal of 
information on the chemical composition of rocks 
by observing their miaaal compocitiost, since in 
general the minerals present express the nature of 
the magma from whkii the rocks were formed. An 
acid nugma rich in silica will give rise to a rock 
rich in minerals wfakb have a high percen* 
tage, and a bask rock will be characterized by 
minerals with lower dlica percentages. 

As bai alresidy been mentioned, silica-rich add 
magmas are >dscous and readily cool to natural 
glasses, but stieh minerals as are able to gather their 
atoms into tbeir proper lattice arrangement before 
solidificatioa overtakes them are commonly quartz 
(silica, joo per cent) and silicates of and 

dumina known as alkali-felqjan (silica, 64^9 per 
cent ); examples of acid Volcanic rocks are those 
known as rhyolite, obcidian, and pitchstone, the 
last tViO being entliely glasy forms. Less add 
Voleamc rocks are represented by trachyte (silica 
about Sc per eent) which free qtiartz as a 
component. Still less add are the andesites with 
a silica percentage of about 59 and having as a 
common compooent another variety of felspar, a 
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felspar or pUgioclue, with less silica (58 
per ceut) ^an the fel^ars chdracieristic of the 
acid rocks. Ic is the basic rocks that are the most 
imporiant and sigiuficant of the Volcanic rocks and 
we may now examine this group a little more 
closely. 

Batalu Basalt, a subject (as we have seen) in the 
debate between the NeptunisU and the Vulcanises 
a century and a half ago, is the commonest of the 
basic igneous rocks and is worth a short (echnical 
descripdon. Its name was already ancient when it 
was applied by Agricola (d. 1555) ^ certain 
German rocks. Most basalts are rocks with 
so fine a grain that their constituent minerals are 
usually not determinable by the unaided eye. They 
are heavy rocks, with a specific gravity of 2*96 and 
a sUica*contcnt of 49 per cent on the average. A 
thin slice of ordinary basalt examined under the 
microscope shows nearly half the rock to be made 
of a species of the mineral group of the plagioclase 
felspars which is relatively poor in silica (SjO| ■■ 
S3 per cent) and rich in lime^it is a lime- 
plagioclase; the next commonest mineral is an 
alumino>&ilicate of iron, magnesium, and calcium 
known as augite (SiO« m 47 per cent) and this Is 
often accompanied by the iron^magneslum silicate, 
olivine or peridot {SiO| 40 per cent) and an 
iron oxide such as the mineral magnetite. Aji aver¬ 
ts mineral composition of basalt has been given 
by Holmes as: felspar 46*2, augite 36*9, olivine 7*6, 
iron ores 6*3, other minerals 2*8 per cent. The 
minerals are so arranged that the rock is made up 
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of an irr^iiJar fraiDcwork of latha of felspar with 
the mtendces fiUed io with the tron-ma^Deciiun 
mineraJs, augiie aod oliviae. The arrangement of 
mineral !n a rock is called its texture. A thin 
lUee of a basalt as it appeals under the microscope 
is shown in ^gurc 6, A, and from this the mineral 
compoiidon and textu re as seen in one plan^— 
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Tig. $. t)iin SeetkuM of B«flUc(A)i GraalK (B). Miea-sebiit 
(Q. The hetak cesro of Iwie aytih « eUviae ia a 
Utf base of (dipar biks and pyeeMoe eraiae; the naniie 
coarins of dart aika, seetaagiikr fJsgiciflSK Jekpar, 
clyidy orthiieUw >ad clear gum; ^ laica^chiit shows 
onttHd flsfcq of vka, wjih quaro between, and a few 
fraiai ofrvBCt 

can be seen. These details, many of them probably 
very dull, are felt to be worth giving, smee basalt 
is one of the most Important rocks in the make-up 
of the crust and in the eluddadoo of its history. 

Some basalts have a Uttle glass In theif composi* 
don, due to sudden shilling of the magma before 
cryscallkation had been completed. In other 
varieties, disengagement of the volatile constituents 
as the presure oo the magma was lessened resulted 
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in the production of ga$<avitie5 in the solidifying 
rock which have oflen become filled with later 
minerab, giving a kind of basalt known as 
amjfgdaloidal (Creek, mrygdalos, an almond). In 
Hawaii, basaltic lava poured into the sea con* 
solidates in piUow^shaped masses and similar 
piUow^epas have recorded a similar event at many 
times in the hbtory of the earth. 

Basalt, as boJib the commonest Volcanic rock, 
has been formed since time began. It can be 
observed to-day welling calmly out from the 
aniral vents of Mauna Lot in Hawaii where in¬ 
vestigation shows that the whole island, rising to 
some 30,000 feet above the general level of the 
a^acent sea-fbor and having a base over seventy 
miles across, has been built up into the great shield* 
volcano it b by successive thin flows of fluid basaltic 
magma. Many other central volcanoes erupt 
basaltic lava and similar volcanoes have done the 
same in the past. Gigantic as the Hawalan bssalt 
accumulations are, however, they are dwarfed 
when compared with other basaltic piles. Thus, 
areas approaching a quarter of a million square 
miles taeh of basaltic lavas with aggregate thick> 
nesses of thousands of feet are exposed in the 
Deccan of India, in Oregon, and in the Parana 
region of South America; almost as gigantic are 
many accumulations elsewhere, while it b probable 
that in early Tertiary times a basaltic lava-field 
stretched from Antrim through the Hebrides and 
the Faroes to Iceland and Greenland. Such 
volumes of magma can hardly have come out 
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from central orifices, bowevcr munerous, and a 
due CO thdr pomt^ mecbaxusm is provided by the 
observarioDS on an cruprion that occurred in ! 783 
at Laki in Iceland. Here, three cubic miles of 
basaldc lava were seen to be pouied out from a 
fisstir* twenty miles long. It is suggested that such 
fiuun^ptuns may pr^uce the volumes of lava 
required for the basalt fields, a tuggetcion supported 
by the occurrence ot multitudes of dykes which 
could act as feede rs found in the r^ions stripped of 
basalt lavas by erodon, as in Parana. Centrd and 
fissure eruptions may not be altogether uncon* 
nected, lioce central vents ^^ear twnetimes to be 
arranged in a Itoear pattens as is the case in the 
Tertiary volcanoes of the West of Scotland and 
Northern Irdassd. Tbe eruption great quan> 
titles of basaltic magma is an event that has taken 
place at many times in earth-history ; (he possibility 
that it may be connected with tbe formation of 
rents in the crust Is clearly one of great significance 
in (his history. 

A portion of the basaltic magma concerned in 
eruption fails to resich tbe surface and becomes 
solidified, as we have seen, in the fbnn of intrusive 
bodies su^ as dyko and sills. This portion, though 
it has consolidated at depths great or small, gives 
rise to rocks which can logically be considered only 
with (he extrusive basalts and Che volcanic rocks 
Id general. Tbe and minoalogical com* 

positions of these intrusive basic rocks are the same 
as those of tbe basalts. Such differences as they 
show axe teacturaJ and arise from the different 
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Ciwircnmtnts of their consolidation. They natur¬ 
ally cool slowly so that the glass of basalts is not 
found m them. Two varieties may be mentioned 
here. The smaller dykes and sheets are commonly 
made of the type of basic rock known as dolmk or 
diabase, characterized by a texture called ophitie in 
which many laths of felspar are enclosed in a tingle 
pUte of augite. Larger bodies are made of the rock 
/tf^^r^'-according to C. £. Montague, speaking as 
a mountaineer, the best of all God's stones; the 
gabbros are coarse-grained rocks with a texture 
controlled by (ho mutual interference of crystals 
of felspar and pyroxene during their growth. 

The inference hu already been made that many 
of the dykes or vertical walls of dolerite found near 
the extrusive basalt fields may have served as 
feeders of magma to the surfkce. The shapes of such 
vertical bodies are clearly controlled by tension 
acting tangeotially at that particular part of the 
crust. It is unlikely that a tension will be relieved 
by a single fissure but rather by a multitude of 
parallel fissures. In accordance with this expecta¬ 
tion, we find dykes often forming a swam, made 
up of countless individuals with similar trends. A 
dyke-swarm indicates tension and conseiiuent 
elongation m the part of the crust in which it 
occurs. Sheets of dolerite or gabbro often lie more 
or less horizontally and their emplacement has 
overcome a radial pressure. Along the margins of 
the basic intrusions there Is usually little evidence 
of reaction between the magma and its walls; the 
igneous rock is finer in grain where it chilled 
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ag:aLnst che cold walUrock, and the Utter oilen 
showi signs of heacmg'Up raulUng in a cert^ 
degree of rnineralo^cal and textural reconstruction 
which is technically known as ihfmal or fQnUui 
Enetareorphlsni. This kind of metamorpbism is 
local and rescricted, and mtist be distinguished 
from that which has produced the metamorphic 
rocks in general. 

The Volcanic rocks from acid to basic have now 
been introduced. Their countless varieties make a 
brave show in museum cabinets. Tht student of 
earih'history, however, must regard the Volcanic 
rocks in quite the reverse way from that in which 
a philatelist regards his stamps. The rare rocks 
are the least important In earth«history; it is 
certainly commonness that counts. When we 
survey the volumes of the different kinds of Vcl- 
canie rocks found in the crust, we find that the 
basic types are some fifty times as abundant as all 
che others puc together. The typical Volcanic 
rocks are basalt and its intrusive representatives, 
so that the rhyolites, trachytes, and acid andesites 
are relatively rare. These are fundamental facts 
that a reasonable history of the earth has to 
consider. 

A Ufw Viiw ^ths Rocks. We have hinted already 
that it appears to some geologists that the igneous 
group has been unwarrantably extended Co Include 
many rocks which cannot be shown to have con* 
solidated from a magma and which, indeed, can 
be shown in some cases to have been formed in some 
ocher way. The most widespread and important 
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of thw rocks whose igneous ori^n is questioned 
is the famous rock granite. No one has seen a 
magma or !ava solidifying to give granite. Though 
admittedly granitic dykes astd veins occur and 
granite may thus sometimes be an igneous rock, 
these are quite insignificant manifestations and the 
truly gigandc bodies of granite found in the cnrst 
cannot, as we see later, reasonably be interpreted 
as having consolidated from a magma. Gnirute is 
thus never formed at the surface! it comes into 
place or is made deep in the crust; it is a rock of 
the depths. In the writer’s opinion, the processes 
by which metamorphic rocks are made are closely 
connected with the processes by which granite is 
made; the metamorphic rocks are intimately associ¬ 
ated vvith the granitic rocks. This is no new idea 
but is really a return to Lyell’s belief of a century 
ago. The writer proposes to unite these rocks of the 
depths, the granitic and the metamorphic, into one 
group with Lyeiri old name, Pluunu. They con¬ 
trast in every way with the donunantly basaltic 
rocks, certainly magmatic, mostly derived from 
lavas and forming the true igneous rocks, which 
we have already examined under the title of VoU 
conic rocks. For the writer, then, the terms igneous 
and metamorphic arc useful only on restricted 
occa^ns; a classification of rocks into Neptunic or 
sedimentary, Volcanic, and Plutonic will be found, 
be believes, to suit the earth-machine as a whole 
much better than the customary classification. The 
technical reasons for this preference are beyond the 
scope of this little book; the reader must accept the 
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assurance that many phenomena of earth‘hi$(ory 
become more rearonal^ when rocks are viewed in 
the tvriter’s way. In Figure 7 there is reproduced 
from one of the specialist pubhcadona a rather 
light'hearted cartoon displaying the new proposals 
which, in spite of its seeming levity, will be found 
to have points of serious import. We have dealt 
with the Neptunie or Sedimentary rocks of the 
cartoon in the previous chapter, and have acquired 
in this a Httle knowledge of the Volcanic rocb. 
We may now pass on to the Plutonic rocks and see 
what intervenuons from the depths they record. 

Th* Plutonic Rocks. The Plutonic rocks comprise 
the granitic and metamorphie of the usual cU«i5- 
cations. We deal with thw two types in turn and 
show their relationships. 

Crvdit. Every dweller in a city has seen and can 
now study most advantageenisly splendid specuneni 
of a great variety of granites, hr large polished 
slabs arc available for inspection along the more 
opulent streets. Tltey are usually llght-ooloured 
greyish or pinkbh rocks clearly made of large 
mineral grains. In thin slices, they show their 
constituents to be quartz, felspar, and some other 
sUicate such as mica and hornblende. Quaru has 
the composition silica, the felspars cf the granitic 
rocks are potash-felspars (silicate of alumisuum and 
potassium) and soda-Ume felspars (silicate of alu* 
minium, sodium, and calcium), the a white 
muscovite (silicate of aluminium and potassium) or 
dark biotite (silicate of aluminium, potassium, iron, 
and magnesium), and hornblende is an alumino- 
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siUcate of caldum, iron, and magnesium. A typical 
granite is shown in the thin slice given in Figure 
6, B. The mineral compoaidons of representative 
granitic rocks is exempUiied by the followup: 

Si. AusUU Crariu^ Cormvail. Qpartz 39*6%, 
potash'felspar 34'5%> soda-Iime-ielspar 19*2%» 
micas 9-2%, others 4*5%. 

P'trmmon Or^U, MinfusoU. Quaru 93%. poush- 
lelspar 50%» soda>Uine-fclspar 30%, blodte 
a%, others 3%. 

BouUif Granoduritt, Montana. Qjjaru 23*7%, 
potash-felspar 19*9%, soda • lime - felspar 
34 * 5 %. WotJte 42 %, hornblende 15 ' 3 %. 
others 3*5%. 

Tbe silica percentage is about 70 in the varieties 
with bide soda-Ume felspar (gfrAnite proper) and 
about 63 in the granodiorltes which have abundant 
loda-lime felspar. These dull details can now be 
forgotten, as their purpose is simply to show that 
granites are very different rocks from basalts. Their 
occurrence in the earth's crust is very different too, 
as we now proceed to show. 

The Oeeumwf of Craniie. Whatever their origin 
may be, the granite rocks are rocks of the depths, 
revealed to us by the removal of considerable thick¬ 
nesses of overlying rocks by erosion. For the most 
part they are seen over great areas which are the 
surlace expression of truly gigantic volumes. These 
bodies of granite are called bt^hoUihs, 'rocks of the 
depths*. Their size is illustrated by the British 
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Columbia batholich which is 1,500 miles loxig by 
about 100 miles wide, by the Patagonia batholich 
800 miles long, by a Mootaoa batholich with an 
area of 16,000 square miles, or by a Finnish bacho* 
lith of 7,000 square miles. Bathollchs are thus very 
big bodies indeed, and their size has to bo con¬ 
sidered in aoy theory of their formation. The top of 
a bachoUth can be studied by Held«observations or 
explored by mining operations; the granite is found 
to be covered by an irregular domical roof of older 
rocks into which It hv made iu way. How, will 
be considered in a moment. Mining shows chat the 
horizontal cross-sections of bathollchs become larger 
as their depths become greater and that the walls 
are oflen steep. The existence of a floor to any 
batholich has not been demonstrated. The deeper 
the level of the crust, the more voluminous does 
granitic material become. 

77 u CrMi Asem-Preifm. If these gigantic masses 
of granite are viewed in the orthodox manner as 
igneous rocks resulting f^m the consolidation of a 
granitic magma, then one of the many problems 
which has to be faced is that of what has Imppened 
to the equally gigantic masses of rock whii^ were 
there before die granitic magma came into its posi- 
doQ. This is the geologist’s version of the general 
problem of how to dispose of the body. One pro* 
posal has been made to solve this room-problem by 
permitting the magma to dome up its roof or to get 
into position by some structural rearrangement of 
the adjacent portions of the crust. Another pro¬ 
posal SL^ests that the magma made its way up- 
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Wftrd5 in the cnm by wedging off blocks of its roof 
which then sank thr^h the magma to beyond otxr 
ro&cb>^ process caUed ut o fi na Hc by analogy 
with the xoethod of mioixig oi^ihand scoping. 
It must be confessed (hat many geologists simply 
shut their eyes to the fiiot that any room-problem 
exists in granitic emplacement. But a fundamental 
problem does oist ti^ ooe that appean insoluble 
to (he writer so Song as the magmatic origin of 
granite is taken for granted and so long as the con¬ 
tents of the igneous rock pigeon^^ of the text¬ 
books are regarded as lacrosaneL Let us Hd our¬ 
selves, if only for a moment, of the dogma Chat 
granites are magmatic igneous rocks and try to 
reorient our views. 

Though without personal experience, we may 
assume that murderm find it much easier co dis¬ 
pose of very small bodies than of large fuU-slseones; 
similarly, ^ little ce no rock were to be got out of 
the way in the em^acement of gramtic bacholiths 
then (he room^roblero would become very much 
simpler. A simpler expUnaboo is not in itself more 
likely to be right (him a complex one, but our 
simpler explanation has the advantage of account¬ 
ing for wbat is perhaps the most remarkable quality 
of baiboHths, oamely, (hat (he granidc rocks appear 
to have nplactd the okSer rocks whose position they 
have occtzpied. The gigandc volumes of the older 
rocks that are replace cazmot have been pusbed 
aside by an equally gigantic body of xnagma nor 
can they reasonably have sunk out of sight through 
the msgnuu Our simpler crplanadoa is that no 
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gigantic volumes of rock have to be disposed of and 
no gigantic volumes of magma have to be emplaced, 
since the granite is made where we now find it by 
the rearrangement of material for the most part 
aheady there. This making of gramdc rocks with¬ 
out a magma is called graniti^ation and is a subject 
of hot debate among geologists at the present time. 
The writer holds that most granitic rocks are 
formed by granitizadon of earlier rocks and not by 
consolidation from a magma. The reasons fbr this 
belief are mostly beyond the scope of this book, so 
its presentation and consequences will appear per¬ 
haps very eut-and-dried. Anyone interested in fol¬ 
lowing the debate more closdy will find adequate 
references in the bibJiography. 

GrofutizatiM. In granltkaiion it is suggested that 
fluids of some kind—it is the fashion to call them 
imwaiiens at the present tlme^have come up from 
below and traversed the solid rocks by way of their 
pores or their bedding or other structural planes. 
As the emanations pass through the rocks they re¬ 
act with them and convert them more or less com¬ 
pletely into granitic rocks composed mainly of 
quartz, alkali-felspars, and micas. If the rocks 
undergoii^ (ransformation are of extreme com¬ 
position such as limestones or basic igneous rocks, 
for example, then the product of granitiaation may 
contain additional minerab such as horubleude and 
pyroxene or its felspar may be richer in Hme ; thus 
arc provided bodies of the less common plutonic 
rocks of this origin such as those known to the 
systematist as syenite and diorice. The overwhelm- 
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jngly domipant granicizadop produce ar«, how* 
evor, granite and granodiorite. 

The process of granltisatloa can often be observed 
arrested at various sia^ in the large polished slabs 
generously provided by (he bankers and brewers as 
exterior embellisbrnenO of their premises. In these 
slabs can be seen fragments of the older rocks in 
which granitic minerals such as felspar are begin* 
ning to appear and, with the continuance of this 
felipathisaticn, a gradation inro granite can be 
established. The readity of granitiration has been 
demonstrated in a multitude of areas all over the 
world. 

If bathollths sire formed in this way, then their 
replacement appearance is to be expect^, since tbe 
previously existing rock has been converted into 
granite on the spot. As we iball see in the next 
chapter, the sedimentary rocks In certain rather re* 
stneted belts have suffered violent disturbances after 
they were depodted. They have been crumpled, 
folded, and broken. In these belts the material of 
the deeper levels of the crust must be disturbed 
likewise, and that which rises to higher levels will 
find easier passage along the trend of these folded 
stretches. We are not surprised to ducover, there¬ 
fore, that the granite batholiths are found in these 
folded belts of the crust, that they are elongated 
alopg them and that their formation is closely 
associated with tloses of crustal disturbance. These 
are roatters which will be more fully appreciated 
when the next chapter has been read. 

We trust that the retentive reader is by this time 
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imabU any longer co restrain his impatience at our 
disregard of the great discovery, bailed as such in 
an earlier page, of Hutton’s that granite veins were 
igneous intrusions. We reply that there is no reason 
why granites should not be intrusive. A body of 
rock soaked with fluids could become mobile and 
be forced into higher levels of the crust where on 
complete solidiflcadcn it would present intrusive 
relations to the adjacent rocks. Further, squeezing 
of a soaked mass would expel the liquid material 
ihom the sponge and inject it into iu surroundings 
M igneous veins. Finally, it will be no tarnish on 
the bright fame of Hutton if it is ibuisd, as appears 
possible from certain recent work, that many 
granite veins are the result of the granitisatlon of 
the solid rocks by emanations pasting along re« 
itricted channels. It is reasonable to hold that 
granites Igneous by definition arc immeasutably 
subordinate to granites arising by granituation. 

MiifnAtit 4 i. Such a process u graniciaatiOD, in 
which we envisage the entry of fluids into an assem* 
blage of solid rocks heterogeneous in composition, 
texture, and structure, will clearly result in most 
cases 2D heterogeneous products. Granites, in fact, 
are found when examined in large slabs to be like¬ 
wise variable in all these qualities. In many, there 
are apparent granitic, half-granitic, and non-grani- 
tlc portions representing stages reached in granitba- 
tion. Around the margins of what appear to be 
more coherent bodies of granite these granitic and 
non-granitJc mixtures are abundant. In certain 
areas such as Finland, the Pyrenees, the Highlands 
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of Scotland, acid elsewhere, such mixed rocks or 
mifmaiiUs occur on a vast scale; they are clearly 
mixtures, as can be seen from Figure 8, whatever 
our opinion on the g:enesia of the granitic portion 
may be. Here we adopt the view that the forma' 
don of migmatites is dosely connected and often 


Pif. MigmiciK) * mncure ofpaAiiK matcri»l (light) ud 
ceunu^rock (dark) ^Tler Sederbolm) 

identical with the granitiaation process. Many 
granites are the final term of m^pnatite-production. 

Tht Mitawrphk Awtf. It will be recalled that 
our Plutonic rocks comprised two groups, the 
granitic and metamorphlc. With the introduction 
of the migmatites, we approach the many problems 
of the metamorphlc rocks. We are not to consider 
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here two claese^ of rocics muRlly placed vath the 
meumorphic; the tusc are thoae produced aa a 
resuJt of the heating by hot injected magma of its 
waU-rockS'^thoe are the thermal or contact meta- 
morphic rocks already referred to: the second class 
occurs adjacent to great dislocations in Che crust 
along which the rocks are sheared and rolled out— 
this dislocaiioD«metamorphism» like thermal xneia* 
morphism, is local and restricted and, sooner or 
later, both these kinds of rock^transformatlon will 
have CO be removed by geologises from xnetamor* 
phism proper and contidered apart. What we deal 
with here are the results of changes in rocks which 
have a/feeted vase segments of the crust—segments 
of the ilxe of half Canada or the Perdnsular pare of 
India. If we wish to distinguish this metamorphism 
proper we cannot do better than use the exccUcnc 
non«comminal name of ngicnel mtiamcrpfdm^ 

Lee US survey the metamorphlc rocks. Since they 
are produced from any kind of previously existing 
rock, their bulk chemical compositioxu and there* 
fore their mineral compositioxu are extremely 
varied. The minerals of the original rocks, con* 
sistb^ for the most part of weathering products or 
surface lava-flows, are not all stable under the con* 
ditions deep within the cruse, and new assemblages 
of minerals are formed which are more in har¬ 
mony with the temperatures, pressures, axod con¬ 
centrations of the new environments. Common 
minerals of the mctamorphlc rocks are quarU, 
alkali felspars, caldte, micas, hornblende, the green 
chlorites (silicates of aluminium, iron, and mag* 
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nesiuzn), hydrattd sQkates of magn«inm suc^ a$ 
talc aod Mrpesdoe> simple alumicuum ^catea 
such as aDdaiimce. kyaniie, and siUimamte, and 
maay vaneties td garnet (silicates of aluminiuro, 
lime, and magDenum). What assemblage of 
ainerals is formed depen d s in the first place on 
the eompoAtion of the ordinal rock, in the second 
Oa the physical controls of (he new environment, 
and in the third on the nature and amount (if any) 
of material introduced into the system undergoing 
reeonitructioQ. An csample tn illustration is given 
by three metamorphlc derivativea of the basic 
igneous rock, dolcrite: one is composed of chlorite, 
soda«felipar, and calcste, another of hornblende 
and soda'lime felspar, a third of pyroxene, garnet, 
and quarta^^i three derivatives have the tame 
cheroicai composition as the original dolerite and 
(heir differing mberal aasemblage* register dif* 
fercnces in the pbysicsJ controls of their meta- 
norphUm. 

C^tain of the minerals <£ the netamorphic rocks 
form platy or columnar crystals, common examples 
being the micas, chlorite, talc, and bornbleiUe. 
In a number of metamorphic rocks these platy 
minerals are found to be arranged in parallel 
fashion so that planes of easy parting are pr^uced. 
An extreme case is seen in the common rock slate, 
which splits into d>in sheets parallel to the orienta¬ 
tion of the minute plates of chlorite and mica 
which compose it; most slates are clay-rocks which 
have been subjected m conriderable pressures 
under which the new-formed platy minerals have 
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arrangied themselves in an ordered relation. In 
slates the new mineral plates are exceedingly small 
in size, but in a great variety of eosuaion meta- 
morphic rocks large plates and prisms are formed 
which, arranged in parallel, produce the orien* 
tatlon texture known as jehiitosil^. Rocks showing 
ichlscosity are the schists—mica-schists derived 
from clays and slates, ehlorite-schlsts and horn* 
blend^schists from basic igneous rocks, talc^hista 
from ultraba»c igneous rocks originally rich in 
olivine. The appearance !n thin section of a mica- 
schist is shown in Figure 6, C. 

Whether a metamorphic rock is schistose or not 
depends of course upon the presence of schistosity- 
making minerals; thus, quartz and calclte are not 
normally platy or columnar to that the quartzites, 
metamorphosed sandstones, and the marbles, meta- 
moiphoied limestones, are not normally lehiatose 
rocks. 

Many coarsegrained metamorphic rocks possess 
a texture which Darwin designated /oHoiicn, Foli¬ 
ated rocks are made up of Icnsos, streaks, or dis¬ 
continuous bands rich m particular minerals, and 
present a rough striped effect seen, for example, in 
rocks called gneisses. Many of the gneisses are 
clearly rmgmatites in which streaks of dark sdiistose 
material persist as relics In light-coloured portions. 
Gneisses of this origin provide a link between the 
granitic rocks on the one hand and the schists on 
the other. This unity is the basis of the writer’s 
Plutonic group of rocks and may now be looked 
into. 
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Tfu Unify of tiu Plutonic Poch- In many paru of 
the world, transitioiu h&ve been demoiutrai^ from 
rocks in the earliest stage of metamorphism through 
higher grades into products of migmadzadon and 
granitization. A classic example of this kind of 
transition is provided by the metaroorphic rocks of 
the Scottish Highlands in the coundes of Angus, 
Kincardine, and Aberdeen. On the margin of the 
Highlands in the Edzell region, lowly metamor¬ 
phosed clay*rocks are characterized by the mineral 
chlorite, a little farther to the north-west rocks of 
the same chemical composition have developed 
biotite, and this zone 11 succeeded by others fust 
with the index ouneral garnet, then kyanite, and 
finally nllimamte, as seen in the Deeiide district 
of Aberdeenshire. A succession of zones of In¬ 
creasing metamorphUm is here registered by the 
index mineralii developed in recks of clay-corn- 
poddon, of chlorite, biotite, garnet, kyanite, and 
liJlimanite. The sUIimamte-bearing rocks occur as 
parts of a great migmadte-area. These are matters 
of observation however they are interpreted. 

Our interpretation is this. In portions of the 
crust undergoing granitizadon there Is obviously an 
inHux of material which, whether it be considered 
to be magma, emanations, Euidt, or anything else, 
is hot and energetic. Such material acts upon the 
solid rocks, convertlr^ part of them into granitic 
rock or granitic magma. If anything comes in, 
something has to move out and this expelled 
material, still hoc and aedve, streams Inco the rocks 
around the migmatite core and facilitates there the 
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ibrxnddon of the metamorphic rocks. By the entry 
of the granitizing ftuids, therefore* a complex series 
of reactions and replacements is set going. Fronts* 
as we now call them* of diverse chemical and 
physical qualities move out from the granite core 
as ripples on a pond but, unlike the ripples, they 
leave a mark In the sonal arrangement of the rneta^ 
morphic rocks about the core. On this interpreta* 
txon, the granitic* migmaticic* and metamorphic 
rocks are reasonably united into one group, that 
of the depths—the Plutonic. 

Tht 7 cm StyUs ^ InUrmtion. Looking ac these 
interventions from the depthsi we can now distin¬ 
guish two fundamentally different classes of events 
recorded in them. The hnt results in the outpour* 
ing of gigantic volumes of magma as lavas domin* 
antly of basic composition and probably arising 
along ccnsional fissures; this gives the Volcanic 
rocks. The second class of event Is recorded deep 
within the crust by the production of granites, 
migisailtes, and metamorphic rocks, especially in 
the folded and disturbed sones; these are the 
Plutonic rocks. The material for the Volcanic rocks 
visibly comes up from below to the surface, the 
Plutonic rocks are revealed only when a chick cover 
has been stripped from them by erosion. Both 
clearly come from the depths and our next task is 
to see what U known of these hidden regions of the 
earth. 

KnoaAid^t of tht Dtpihs. For the most part* the 
geologist makes his observations at the surface of 
the earth. A few bores have probed the crust for as 
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much as 16,000 feet, but these have afforded only 
tantalmng glimpses of the merest outer skin of the 
p!anet. During %aolent periods of folding and dis¬ 
turbance, deep porlioM of the crust may be raised 
(o shallower levels and there become exposed by 
erosion, but even these samples probably came 
from depths no greater than four times that reached 
by the deepest boring. By direct observation, 
therefore, we can obtain Information about only an 
outer film of trifling thickness. Fortunately, we can 
by inference make not unreasonable suggestions 
concerning deeper zones and, indeed, concerning 
the whole interior of the earth. These inferences 
axe derived from two sources. Fiist, earthquake 
shocks travelling through the globe supply physical 
data that indicate what substances are likely to 
make Its innermcet paru. Secondly, reasonable 
theories about the origin of the planet allow certain 
deductions to be made concerning the course of its 
subsequent evolution and lead to suggestions about 
Its broader structure. We look into these interest* 
ing matters now. 

Evidenctfrtm Eerihf^okts. Most of our knowledge 
of the nature of the earth's interior comes from the 
study of earthquakes. The rocks of the crust are 
subjected to strain which may become at tome 
particular place more than they can stand. The 
roeb therefore snap and a jar is sent through the 
adjacent crust as an earthquake. The disturbance 
is transmitted by three kln^ of waves, two travel¬ 
ling through the earth and the third aod slowest 
alo:^ its surface. The waves passing through the 
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earth are of particular interest to us. The faster is 
prop^:ated by vibrations of particles to-and-fro id 
the direction of the path of the wave and may be 
called the P or *push* wave. In the slower wave, the 
particles vibrate at right angles to the direction of 
propagation and may be called the S or 'shake' 
wave; distortional waves of this kind cannot be 
transmitted by a liquid. The waves of a strong 
earthquake are recorded by a number of Kismo> 
graphs—pendulums of various kinds^tatloned at 
di/Tcrent distances from the originating crustal 
fracture. From these records the time* of arrival of 
the P and S waves at the seismograph stations are 
obtained and hence their speeds can be calculated. 
It is found that the speeds are greater the deeper 
die waves have travelled through the crust. The 
speed of earthquake waves, like chat of any other 
waves, depends upon certain physical propertia, 
the density, rig^ity, and compressibility, of the 
material through which they pass. These quan¬ 
tities can be measured in the laboratory fbr all 
varieties of rocks and the speed of propagation of 
P or 5 for any rock compart with that of a certain 
aone of the earth. The laboratory determinations 
are made where possible at high temperatures and 
pr ess ures, so that conditions deep in the earth are 
reproduced in some measure. In this way, sugges¬ 
tions are forthcoming on (he constitution of the 
earth'* interior. Two aspects of these concern us 
here. 

The hrst suggestions concern the composition of 
the outer laycn of the crust and the evidence for 
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them Is supplied by what are known as near-earth* 
quakes, since the fractures causing them are no 
great distance from the recording seismographs. 
When the records of P and S for these earthquakes 
are scruilruzed, It is discovered that P is really made 
up of three separate pulses and S of three also. This 
can be interpreted as the resuit of the breaklng-up 
of the onginal P and $ waves into parts by refrac* 
tlon, so that each pan tras'els in a different layer 
with a speed appropriate to the nature of the layer. 
In the ^ptr laytr the velocity of P Is 5*4 km./sec. 
and of S 3 3 km./sec., values agreeing with those 
calculated (ot/remit. Waves that have travelled in 
deeper layers have speeds of 6*0*7 *2 ^ ^^d 

3*5-4*0 for S i& an inttnrudiait le^ftr and more 
than 7*8 for P and more chan 4*4 for S in a kwtr 
laytr, There is some difference ^ opinion in detail 
concerning what crustal rocks best ht these veloci* 
ties. The lower layer is by many regarded as made 
up of lomeihlng like the rock an ultrabasic 

rock very rich in olivine, and the intermediate 
layer of btueii or gab^rQ, All agree on a general 
point most important for our present purpose, 
namely, that a granitic shell overlies a basaltic shell. 
The granitic shell is conveniently called the siai 
(from nlica and alumina) and the basic shell the 
jima (from iilica and magnesia). By methods which 
need not detain us, seismologists propose thicknesses 
of some 20 km. for the granitic layer and 30 or so 
for the basaltic layer. These thicknesses are most 
likely of the right order and their inslgoiiicance 
compared with the earth*s diameter may be noted. 
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'n\e second group of suggestions concerns the 
consiitudon of the innermost p&ru of the earth. 
From P and S records of earthquakes felt over great 
areas of the earth, it is known that their speeds 
increase fairly regularly down to a depth of about 
3,900 km. (the equatorial diameter of the earth is 
(S,737 km.); it may reasonably be deduced that 
the peridotite layer, close-packed and compressed, 
continues to this depth. Waves that have passed 
through the central part of the earth, deeper than 
3,900 km., exhibit very remarkable properties. In 
the first place, they travel more slowly than ex¬ 
pected for their depth of penetration, and in the 
second place, the dlstortional S vmves are not trans¬ 
mitted as such through the core, indicating that this 
is essentially liquid. Some observers consider that a 
change !n the properties of the core can be observed 
at a certain depth. On the grounds of the high 
density (5*5) of the earth as a whole compared with 
that ($) of the average surface rock, of the physical 
properties of (he proposed materials and of certain 
deductions from the most reasonable view'of the 
earth's early history, it is suggested that the core 
consists centrally of iron and a little nickel (n/s), 
with a shell of liquid sulphides around it. 

The findings of seismology, then, provide the 
following succession of earth shells: an outer grani¬ 
tic shell, a basaltic shell, a peridotitio shell extend- 
to a depth of something like 3,900 km., and 
centrally a liquid sulphide shell surrounding a 
liquid iron-nickcl nucl^. 

Let us return to the conslderadoo of the granitic 
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and basaltic shells, the sial and the suna. Earth* 
quake investigation shows that the suna is a con¬ 
tinuous shell underlying both ocean and continent 
alihe. On the other hand, the sial is discontinuour, 
being apparently absent from below the Pacifre and 
thin and patchy in the Atlantic and Indian oceans. 
The continents are thus disconnected slabs of graoi- 
tic sial, covered by a veneer of sediments, and rest¬ 
ing upon a continuous layer of basaltic sima (sec 
Kg. i6). 

TTu Mtchanxsms of InUroontioa. We set out upon 
this survey of the results of sdimology In order to 
find what the depths might be like from which 
came the interventions recorded in the Volcanic 
and Plutonic roeb. From what we have found it 
teems reasonable to connect the Volcanic rocks, 
overwhelmingly basic, with the basaltic lima, and 
the granitic generators of the Plutonic rocks with 
the graniiic sial. When we attempt to explore these 
eonnecions we are compelled ibr the time being to 
advance a number of speculations, trusting that 
new methods of attack will eventually show which, 
if any, of them are correct. 

Our first problem is to produce vast volumes of 
basaltic magma in the solid sima and deliver ic 
quickly at the surface of the earth, there to form the 
Volcanic rocks. Daly has argued that the lower 
part of the basa l tic sima is hot and glassy and is 
able to Inject Itself Into fissures opened in the crust 
as a result of tension; so soon as it ascends, its 
viscosity decreases as the pressure decreases, and it 
shoots rapidly to the surface as basaltic magma. 
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urged up by the weight of the crustal column bear¬ 
ing on the glassy substmtum. Minor quantities of 
the magma force their way between horiaontal 
bedding planes of the adjacent rocks> to appear as 
sheets of doleriie and gabbro. The maximum 
elevation of modem volcanic cone^ can be calcu¬ 
lated on Daly's theory, for a liquid column of 
basaltic magma about 4 km. high would balance 
the weight the adjacent crtistal column. Mauna 
Loa in Hawaii cooforms with this expectation and 
so does Etna which, having apparently reached Its 
maximum height, now erupts from its flanks. 
Daly's proposals have not proved acceptable to all 
geologists and alternatives involving radioactive 
healing, friction, gas*fluxing, heating by convection 
currents in the substratum, and so forth, have been 
advanced. But the discussion of these, though 
interesting, is beyond our scope here. 

We have seen that subordinate amounu of the 
Volcanic rocks are not of basaltic character. These 
may have been produced either by the assimilation 
of small quantities of the waU-ro<^ through which 
the basic magma passes, or by a process cf crystal- 
fr^iionation whereby early-formed heavy crystals, 
poor in silica and rich In denser constituents such 
as iron (olivine for example), have been withdrawn 
from the magma by settling, leaving it more acid in 
character. 

Some granites considered to be igneom are 
found closely associated in space and time with 
gabbro intrusions, and the si^gestion has been 
advanced that this quota of granitic magma was 
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produced by fu»on of the sial by the rbe through it 
of basallio m»gma tnm the aubstratum. Further^ 
it is pos»ble that respectable quantities of andesitic 
magma may result from liquefaction of the sial in 
special zones of disturbance. But both these com- 
plications may best be leA to the specialist. 

We have seen that the great batholithic granites 
arise in belts of the crust vhere the rocks have been 
violeDtly folded and disturbed. It is reasonable to 
hold that in such belts the slal has been depressed 
so that partial or complete melting or aedvation of 
some kind is possible. These crustal disturbances 
initiate and localize graniiizaiion and the fortnation 
of granite and, as we see in the next chapter, they 
result from compreidon of (he emit. Wc can state, 
as a preliminary conclusion to be tested later, chat 
Volcamc rocid are associated with tension, Plutonic 
rocks vnth compreuion, though the closeness of the 
association in time is diH'erent in the two groups. 

TJu Bgginmgt ^ tht Barih. The study of earth¬ 
quakes indicates that the earth has a shelled struc¬ 
ture of lial, lima, and nife. In the preceding 
paragraphs It is suggested that the dominant inter¬ 
ventions from the depths, the granitic Plutonic 
rocks and the basaltic Volcanic rocks, come from 
the sial and aima respectively. We may now appro¬ 
priately examine die proposals concerning the 
origin of these shells so fundamentally important in 
the story of the earth. In this examination we have 
to deal with the very beginnings of the planet. This 
is a problem for the astronomers, but the geologist 
may rightly prefer one of their proposals to another 
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because i( 6ts his geology the better. Lec us 
adopt, then, the proposal that the planets were 
formed irom the ancestral sun as the consequence 
of the near approach of another star. Just as the 
sun and moon raise tides on the earth, to the 
celestial visitor raised tides On the sun—tides so 
powerful that solar matter was pulled out free from 
the sun*i body. As the star receded, this free 
matter, the raw material for the planets, was lef^ 
revolving around the sun. We prefer that develop- 
ment of this Tidd Tlucty which considers that the 
filament drawn out from the sun was gaseous, 
rather than the older view that the ejected material 
was in the form of loUd particles. The heated gases 
of the filament expanding into apace are cooled and 
slewed down till gravitation takes control, the more 
refractory substances liquefy and begun to condense 
into the nuclei of the planets. As the temperature 
continues to fall liquefaction is completed. Even in 
the gaseous condition some density-stratification In 
the filament is to be expected and this becomes 
enhanced in the wholly liquid planet. It is reason¬ 
able to believe that by a combination of density- 
stratification in the gaseous, gaseous-liquid, and 
liquid states in which materials of varying refrac- 
(orioess are concerned, aided by separation into 
mote or less distinct liquid Fractions as the melt 
cooled, there could be produced a shelled structure 
in the liquid earth. The materials arranged them¬ 
selves in a general way according to their atomic 
volumes, those with the smallest in the innermost 
parts of the earth. Thus arose the iron core, the 
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meeallic sulphide layer around it, and the silicate 
mantle ouecrmcst. That all this might be achieved 
in the entirely liquid earth is an opinion that can 
be subscribed to by the majority of geologists^ but 
the next step in the evolution of the earth is one 
that rouses most violent debate. We are here faced 
with two of the grandest problems in geology, the 
first being the rnanner of formation of the sima and 
sial layen and the second being the concentration 
of the sial Into the discondnuouj continental masse*. 

^blms ^Sial and S\ma. We could lay the basis 
for a solution to both problems if we could invoke 
liquid immiscibiltcy in the molten silicate shell 
whereby it splits into two liquid fractions, an outer¬ 
most granitic overlying an inner basaltic. The first 
problem might be solved along these lines, and we 
could proceed to deal with the second by adopting 
Sir George Darwin's theory of the birth of the moon 
by the abstraction of a portion of the outermost 
shells of the primitive earth due to the attraction of 
the sun. Such a breaking*oif of the lunar material 
requires a still liquid earth, while the density of the 
TTioon, 3*5, is appropriate to its derivation from 
such outer shells as proposed. By such an origin for 
the moon, part of the sUl shell would be removed 
from the earth and the remainder woiJd break up 
into gigantic continental fragments in the conse¬ 
quent adjusimen«. The Pacific Ocean, beneath 
which sial is Jacking, might be the scar left when 
the lunar material departed. 

Some of us would be happy to accept some such 
solution, but the experimental study of silicate 
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znelu appean lo be direcUy opposed to the separa- 
don of liquid fractions in such melts. It is true that 
Greig has shown that liquid unmlacibUiCy does 
occur at temperatures of about (,700* G. in melts 
of silica with magnesia, Iime» and iron, and the 
formation of liquid fractions in melis rich in alkalies 
or alumina at higher temperatures has not been 
proved to be impossible, though the physics 
chemical experts regard it as unlikely. As Shand 
has observed, if the newly condensed shell of liquid 
silicates about the growing earth were indeed 
capable of developing two immiscible liquid phases, 
one richer in alkalies and the other richer in lime 
and magnesia, then the problem of the earth’s 
granitic shell would be solved. 

Laboratory work on silicate melts shows that in 
cooling melts of the appropriate composition the 
first mineral to cryst^Hze Is olivine, iron»inag* 
nesium silicate, with the ipecihe gravity 3'$. These 
heavy crystals have been observed to sink through 
the residual liquid, now poorer in the constituents 
required to make olivine, and accumulate on the 
of the crucible. An analogous process is be¬ 
lieved by many to have operated in the prlnutlve 
silicate shell. CryscaJliaa (ion and sinking of olitdne 
and auglte led to the formation of a granitic layer, 
rich in sJkalies, alumina, and ulica, over a basaltic 
layer, rich in iron and magnesia. Opinion differs as 
to the amount ofremelting that the olivine crystals 
would suffer as they sank into deeper and hotter 
levels, but there is a fairly general agreement that, 
by this mechanism, repeated again and again, the 


nd 


OSOLOOY 


separation of the a i llcate layer into slma and sial 
would be completed with their soHdi£cation, so 
chat the earth would then be too strong to allow the 
moon’s substance to be pulled out from it. 

Tht Problem of ihe DiseoTUiruMtt SuU. The second 
fundamental problem, the reason for the discon¬ 
nected continental sial masses, is likewise a matter 
for diversity of opinion. Some consider that this 
discontinuity of Ae sial is a very primitive and 
original feature, brought about by convection cur¬ 
rents in the liquid earth which moved and aggre¬ 
gated a granitic scum just as the scum on boiling 
jam is moved and aggregated. One of the many 
difRcuhies of such schemes is to produce, in the 
light of the observed course of crystalliution in 
silicate melts, solid nal rads in a molten sima sub¬ 
stratum. Another view regards the sial as origin¬ 
ally a continuous earth shell which has become 
broken into pieces and packed together into bundles 
during the early revoluiionacy penods of the earth’s 
hbtory. We have seen that even though Pre- 
Cambrian time is immensely long, at least three 
times as long as the whole of Cambrian and later 
time, yet there is still an earlier concealed history in 
the earth's crust. Possibly something like two thou¬ 
sand million years are concerned in this Pre- 
Cambrian and earlier history of the planet, and the 
proposal is advanced that during this immense time 
the sial has been buckled and folded into the dis¬ 
continuous sial continents. On this view, it is the 
job of the geologists dealing with the old baseroent 
to unroll these folds and to show that there is 
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»ufiiclent sial to cover decently the partE of the 
ocean now bare. It is sobering to remember chat 
unless a packing of sialic material, however caused, 
had taken place, the waien would have covered the 
earth’s surface; as we have already noted and as 
we examine in detail later, the sial continents stand 
h^h because they are light, the ocean basins are 
deep because their underlyir^ material is heavy, 
and so the waters are drained off the contineata. 

Th* First Crust and ih First Rains- Most geologists 
comlder that the first crust*.-the Primeval Crust— 
of the earth is not visible to ut- The oldest rocks of 
the crust are derived second«hand rocks capable, it 
is held, of being interpreted along uniformitanan 
lines. We may, however, speculate as to what the 
first solid surface of the earth might have been like. 
The consolidation of the crust had contributed vast 
quantities of steam and other gases to the primitive 
atmosphere which lay, heavy, torrid, and turbu* 
lent, over a surface possibly consisting of loose ashes 
and broken-up materials of volcanic origin. As the 
earth*s temperature fell, water appeared for the 
first time on the earth and geological history began. 
The First Hains, on all counts, must have been a 
sudden event, a descent of vast quantities oThot and 
chemically potent wster on a heated surface that 
had not known water before. Uniformitaxlajuscn 
would certainly not apply to this event and opera¬ 
tions of a tremendous and catastrophic nature were 
set In motion. Incredible weathering and ercelon 
would be performed by remarkable floods roll¬ 
ing down into the depressions and, most likely. 
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violeatiy contrasting cbcmical predpiuies wouJd 
be deposited there. Tbot^h the oldest rocks do 
contaia baiwls which xni^t meet these expecta¬ 
tions, they are mostly made up of nonnal unlfonni- 
tariao typo and we can &irly conclude that the 
first crust and the fint depodo have been obliter¬ 
ated by subsequent ge^ogical operations of erosion 
folding and depoddra. As we have said before, let 
us ding CO uniformitarianasm as loi^ as poeible. 

It is obvious from the fore¬ 
going pages that the intcrvendoos from the depths 
are remarkable events in earth-history and, as such, 
(hey have to be dated as closely as possible. 

Lavas of the Volcanic group are found inter- 
bedded with sedimentary rocks whcoe age can be 
determined according to the methods of William 
Smitb. Intrusive Vokaiuc or Plutonic rocks are 
clearly later than the youngest rock they penetrate 
or eontact-metamorphosei as upper age limit may 
ofren be put by the discovery of pebbles of the 
intrusive rocks In conglomermtes of known age or 
by the determiaatioA of (he age of beds resting 
unconfbrmably upon them. Close dating of great 
migmadtic and metamorpbic complexes is ofren 
difficult since fossils may be absent or destroyed, 
transitions from noD-metamorphic rocks unobtain¬ 
able, and even the law of superpcmtlon unreliable. 
As an aample, consider the metamorphic rocks of 
the Grampian Highlands of Scotland. These are 
covered uncooformably by Old Rod Sandstone, so 
are older than this period, but by bow much is a 
matter for dbeusnon; opinions differ on the ages 
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of both (he rocks as sedimests and of thdr xaeta^ 
morphism-^ some geologists boch these dates 
Pre>Gambrian, to others the first Pr^Cam* 
briac apd the second Silurian, and to yet others 
both Lower Palaeosme. 

This relative uncertainty b the dating of many 
important Volcanic and Plutonic events makes 
their insertion in the chronological table of the 
Straiigm^ca) Column a matter ^ difficulty. On 
the whole, Volcanic and Pluconic chrooolo^ wtU 
be better dealt with after the revolutionary e^sodes 
m earth-history have been studied m the next 
chapter. 
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THE REVOLUTIONARY EPISODES 


At UAtrv pUc«s b the for^oiog, brief rdbence has 
been ma^ to the two contrasdc^ styles of earth* 
history; on the one haol the lengthy quiet periods 
when vast quantities of sedunenQ were carried to 
the and the continents became lowered; and 
on the other hand> the short violent periods when 
the sediments were dbnxrbed and the land-masses 
extended and elevated. We have now to escamine 
in some detail the way in whkb these earth 
revolutions are recorded and how the record is 
read. 

Origi/ul eWthsw ary ywid DisittrM^ Any rock 
as we BOW observe it is the product of a vast series 
of operations which have n e ver ceased since the 
earth began. Some of tbe changes require enor« 
raous time for their ececution a^ we cannot see 
them at work; others ore accomplished in an instant 
and leave a clear reco r d. We can isolate any 
episode in the history of a rock and study what the 
rock was then like, and we can name this condition 
with refer enc e to suboequeat happenings. 
In the case of the sedimentary rocks, their original 
condition so far as this present inquiry is concerned 
was characterised by thdr acrangemeot in Eattish 
beds in a deEnite order with tbe older underlying 
the younger. The lavas of the Volcanic rocks had 
182 
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t similar arraagement. The original condidon of 
the intrusive Voicaoic rocks js in which they 
consolidated from the magma as dyke or sheet. 

If we find these original arrangements disturbed 
in any way, we have a record of an event of some 
significance in eartb'hiicory. The very fact that we 
can study the ancient marine rocks as part of the 
present lands indicates a change in th^ original 
relations Co sea-level. But such broad movements 
of relative depression or elevadon of considerable 
segments of the cruic are noc to be our concern at 
this moment; we have dealt with *^rn^- aspects of 
this matter in our conaideradon of transgressions 
and regressions. We now have to examine evidence 
of more violent, if more restricted, movements 
whereby the original arraogemeocs have been more 
thoroughly upset From an examination of tbe 
rocks themselves we decide that such movements 
result from forces tensionai, compreirional, or 
gravitational—tikat have acted upon a particular 
portion of the crust, for, like other solid substances, 
the rocks have fractured under tension or have 
folded or fractured under compreiBOn. They have 
broken or bent. We must acquire a little knowledge 
of the anatomy of these crustal fractura and folds 
so chat we can evaluate them as records of revolu¬ 
tionary events. 

Frettves- We begin with certain kinds of 
fractures. We can dstlnguish two types, joints and 
foults. Fractures at which only a Uttle movement, 
and chat mcatly at right angles to tbe fracture- 
plane, has place are joinU; fractures with a 
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bigger movement, and that parallel to the iracniro* 
plane, nxt faults, 

Joinis. AU rocka, even the moat carefully selected 
monoliths, are penetrated by multicudea of irref« 
ular cracks developed most probably as they are 
gradually disinterred by erosion and weathering 
and their environment changes. We do not include 
such more or leas fortuitous fractures among the 
joints, which are r^ular planes along which the 
rocks affected may break with clean«cut surfaces. 
These Joint-planes are often arranged In sets or 
systems so that one set of vertical parallel planes Is 
crossed by aoother vertical set at about right angles. 
When such a system of two sets of joints is accom¬ 
panied by a well-marked bedding, a cuboidal 
pattern of the parting planes of the rock is pro¬ 
duced. An excellent and significant example of 
such a pattern is provided by a piece of ordinary 
coal. Pick a piece out of the cosl-scuttle and have 
a look at it. It is not shapeles but has its own 
proper shape—the shape of a piece of coal— 
because it u bounded top and bottom by bedding- 
planes and front and back by one set of joint- 
planes and at the two ends by another set at about 
right angles to the first The significant feature 
about the shape of a piece of coal is that Joindng 
controls many important operations in the mining 
and utlliaadoa of coal. The dlrccdons ol the joints 
in the seam will determine the lay-out of the mine, 
the number and perfecdoo of the joints will decide 
the ease with which the ccal is mined, what the 
average size of the blocks will be, how the coal will 
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behave in the o^hcf wuher> End for what 
industrial processes it wUl best be used. Jointing 
is DO academic matter to the coal-miner or to 
anyone concerned with the excavadon of rock. One 
of the most persistent excavators is nature herself, 
and the agents of chemical and mechanical 
weathering work most readily along these parting- 
planes in the rocks. Joint-planes become Assures 
by such weathering and their quality decides much 
of the detail of cliff and crag. 

The majority of joints are the result of shearing 
of the ro^ during crustal movements. Similar 
patterns of fracture are produced when some 
homogeneous material such as glass is subjected to 
torsion ; excellent though unwelcome examples of 
such paitemi were provided when thick plate- 
glass windows in solid frames were fractured during 
the bombing of London. Investigation of jolat- 
pattems forms part of the investigation of the 
UcicnUj of a region of the crust, tectonics meaning 
the structure considered in relation to the forces 
and movements that have operated in that region. 
Another and different class of joints results from 
tensional stresses during shiinking. Examples are 
provided by starch or mud as they dry out, and 
the roughly hexagonal columnar jointing seen in 
some sedimentary rocks may be of an analogous 
origin. Columnar Jointing due to contraction is 
shown on the grandest scale by certain fin^ 
grained basaltic rocks such as those making the 
Giant’s Causeway in Ireland or Staffa in Scotland; 
the most stable contraction-pattern in a homo- 
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geocous medium cooling from a surface wiU 
clearly depend upon shrinkage towards cerures 
arranged at the comers of equilateral triangles. 
Goncraction-jolnts are xneotioned here only because 
they are often apectacular-^they are not directly 
connected with tectonic events in the crust. 

Faults. As we have said» movement parallel to a 
fracture produces a fault. The displacement of the 
rocks on the two udes of the fault is naturally only 
relative. It may amount to thousands of feet in a 
vertical direction or to scores of miles in a hori* 
zontal direction. Alongside the fault, the rocks are 
ofren broken up so that they are more readily 
eroded; the depression of the Great Glen of Scot¬ 
land lies in a belt of strong faulting. There are 
many clasufications of faultSi but here wc select for 
our attention those in which the plane of fracture 
and dislocation standi steep. Of these, we consider 
three examples which have the names normal foull, 
rtvorn feult and tiorfoult. The normal fault is that 
normaJly encountered in British coal-mining. Sup¬ 
pose in working a fiat-lying coal^etm we en¬ 
countered a fracture sloping downwards away 
from us along which displacement had carried the 
continuation of our coal-seam down to a deeper 
position. Such a fault is a norma) fault, the fault- 
plane is inclined towards the downthiown side, the 
effect in chat particular portion of the crust is an 
extension and the forces responsible for the dis¬ 
location are clearly lensional, acting tangentially 
CO the earth’s surface. Tlie rnorstfouls Is the reverse 
of che normal fault in that the fault-plane is in- 
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cIiDcd towards the upcbrown ude, the crust so 
faulted is shortened and the responsible forces are 
compreawnal. In the true kar^/aullSt the displace* 
ment is dominantly in a horiaontal direction. 
Kennedy has recently shown that a displacement 
of some sixcy-iive miles is likely to have occurred 
along the tear^fault of the Great Glen of Scotland. 

It is not to be expected that pressures, whether 
ten^onal or compressional, will be relieved by one 
single fracture and, accordingly, we £nd the crust 
traversed by a number of more or less parallel 
fractures forming a or feuit^Um. Move¬ 

ments along faulu may bring together rocks of 
entirely difierenC resistances to erosion so that 
marked topographic diversity may result at the 
earth’s surface. We instance the example of the 
Ochil Fault in the Midland Valley of Scotland 
which has brought sofrer Carboniferous sediments 
on the south against hard Old Red Sandstone 
lavas on the north; the great south-facing escarp¬ 
ment of die Ochil Hills has resulted. When we arc 
dealing with a niunber of parallel faults of differing 
throws, a couple of characteristic topographic 
forms result which deserve consideration. Two 
parallel faults throwing away from one another 
may produce, with suitable rocks, an upstanding 
segment known as a fwrsti two parallel faults 
’throwing towards one another produce a trough or 
grabtn. The honts of the Vosges and the Black 
Forest flank the graben of the Rhine Valley as 
illustrated in the geological section of Figure 9. 
The Rhine valley north of Basle is a narrow se^ 


(38 


OSOIOGY 


ment 300 kin. long but no move than 40 km. wide 
funk dovm a kilometre or so. 

The Rhine graben is thw no small structure 
but it becomes dwarfed alongside the colossal 
troughs encountered in the fracture belt of 
East Africa and neighbouring regions. These 
include the Great RIR Valleys made famous by 
Gregory. This network of fractures itretchtt from 



Fig. 9. Tbe Hhine Graben: between a series of pvaUel fra> 
Tures (he Rhine vsttey bai been dropped beiweea tbe 
Vcsfei and the Black ronsi 


beyond the Zambezi 80* south of the equator 
northwards to Damascus 35^ north of the line. It 
is thus the greatest single tectonic element i& the 
architecture of the crust, extending over a sixth of 
the earth’s circumference. In the depressions of 
the southern mosaic of fracturo are situated Che 
long, narrow, and deep lakes of East Africa— 
Lakes Nyassa, Tanganyika. Kivu, Edward, Albert, 
Rudolf, and many lesser. Farther Dotih, the 
fractures cross Abyssima to the Red Sea and Gulf 
of Aden, which are themselves gigantic drowned 
depresuons collapsed between parallel fractures. 
At the north end of the Red Sea tbe rifi valley 
continues as the Gulf of Sues, and a branch system 
forms the Gulf of Akaba, which condnues north* 
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wards through Palestine to Syria. This last stretch 
is the most hntcm, for in its depression are the 
Jordan Valley with the Sea of Galilee and the 
Dead Sea; we realize the extraordinary nature of 
these structures when we remember that the floor 
of the Dead Sea is some a,600 feet below the sea- 
level of the Mediterranean and its water-level 
some 1,292 feet below. 

Opinion is divided as to whether the Great 
Rifts TOult from tension or compression. Some 
geologists regard the rift valleys as fallen keystones 
sn a crustal arch undergoing extension by normal 
faulting, and consider that the aig-sag pattern of 
the fractures cannot be accounted for by com¬ 
pression. Others suggest that the faults bounding 
the depressions are steeply inclined reverse faults 
arising from compression. Bullard has found that 
the value of gravity is low beneath the rift valleys 
and we arc therefore dealing not with fallen key¬ 
stones but with light segments held down in position 
by the overriding wall-blocks. This discussion is 
beyond our present scope, but the Great Rifts 
remain as one of the grandest elemcna in the 
architecture of the crust. 

Folds. Let us now oomlder the folds and associ¬ 
ated fractures which result from compression. With 
a little manoeuvring we can imiute many of the 
structures seen in the folded belts of the crust by 
pressing our two hands oti a heavy tablc<lolh 
covering a table and then bringing the hands closer 
together; the originally flat-lyii^ table-cloth will 
be rucked up into folds of various kinds. As the 
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diftance between our hands decreases, so the gentle 
and simple folds first formed become more pro- 
nounced stud complex. The degree of folding 
records the amount of compression and shorCenir^ 
undergone by the doth. Any small area of the 
cloth has lost its original horizontallty and is now 
iocllned with respect to the table^top. The analo¬ 
gous inclination in folded beds of the crust which, 
as we have seen, were originally flatiish and more or 
less horizontal, is called the dip, defined as the 
steepest inclination of the bedding plane at any 
particular place. On geological maps, the dip ^ 
a bed at any exposure is recorded as an arrow 
pointing in the direction of the steepest slope and 
having alongside it a number Indicating the in¬ 
clination in degRcs from the horizontal. A line at 
right angles to the dip is called the strike, a word 
related to stretch ; the strike gives as it were the 
stretch trend or extension in a horizontal plane of 
a lilted bed or of any elongated structure. 

We shall probably soon tire of holding our hands 
still on the folded tablc<loth so we may convem* 
ently transfer cur attention to a stack of corrugated 
iron where the folds are fixed and rigid. A single 
sheet is an afTkir of arches and troughs running its 
length, the stack, as can be seen at its ends, is an 
af&ir of the arches and troughs of many sheets 
nesting in one another. The technical terms used 
to describe similar structures in a stack of folded 
beds are anticline for* arch and syneJine for 
trough; in the anticline the beds on the two sides 
dip away from the crest of the arch, in the syncline 
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th«y dip towards the bottom of the trough. In 
nicely folded beds, as a glance at the stack of 
combated iron sheets would show, aniiclinc and 
sync^ne alternate, a side or limb of an anticline 
passing into a limb of the succeeding syucllne. 
Also, we could mark with chalk the top of each 
anticline and the bottom of each syncline and we 
would get a series of chalk-marks parallel with the 
length of the folds; similar lin« in geological folds 
are called fold-axes—they give the strike of the 
folding. Axes drawn on the tops of one group of 
nested anticlines of an infinite number of corrugated 
sheets would join up into a plane, the axial plane, 
which bisects the series of folds; we could chalk 
the trace of this plane on the end of the stack. 
In ^Is particular example, the axial plane stands 
upright, the two limbs are inclined away from it at 
equal angles and the fold is said to be a symmetrical 
one. We could reproduce symmcuical folds with 
our tablc-cloih but we should most likely find that 
many of the folds were not symmctricol, that one 
limb was sleeper than the other and Chat the axial 
plane was indined. The asymmetry of such fold* 
and the inclination of the axial planes can be 
incTOcd by suiuble manipulation of the cloth 
until one limb of an aoticUne becomes inverted 
and tucked in below the other, giving an overfold. 
The ovcrfoldii^ may continue so that the axial 
plane becomes almost horizonul and the fold is then 
lying down—the technical term as recumbent; a 
good m<^el of recumbent folds lying one on top of 
another is provided by the forms assumed by a towel 
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as it comes through a mangle. Meditation on these 
homely examples connected with table-clodu^ 
mangles^ and comigaicd iron will fit us to appred' 
ate the similar structures provided in the great 
ibld'belts of the crust. We return to the overfolds 
in a moment. 

In the crustal fold^belts, what is found to be 
{bided are the beds of sedimentary rocks and lavas 
and the sheets of Intrusive material^^U originally 
formed In flatdying and extensive layers. The 
original condition is disturbed and thus a revolu* 
denary event in earth-history is recorded. The 
aimplieity and regularity of the model folds of the 
sheet of corrugated iron are not repeated In nature. 
In the first place, natural fold-axes are not con¬ 
sistently horizontal nor necessarily straight lina. 
The ioelinadon of a fold-axis is called its pitch; as 
a fold is followed in the direction of pitch» higher 
and higher elements of the itrueture are encoun- 
teredi as can be realised by viewing a tilted pile 
of sheets of corrugated iron. Fold-axes are not for 
long straight lines. Though they may be horizontal, 
they may yet be curved and thus provide arcuate 
folds or arcs. If they are not horizontal, they may 
change their inclination along their length; i 
position on a fold-axis where the pitches arc away 
fiom one another is a culmination, where they are 
towards each other is a depression. When we 
examine the fold-belt of the Alps we shall see the 
profound effects on the structure as a whole 
resulting from the operations of pitch, culmination 
and depression. A second diversity is produced in 
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natural folds by the fact that chough individual 
folds are elongated they cannot go on for ever but 
sooner or Ucer end, the folded beds passing 
gradually into unfolded beds. 

Two ocher fold^struccures may be mentioned 
here. These have the descriptive names of domes 
and basins, though usually they are not of circular 
plan but elongai^ in one direction. In the dome 
the beds dip away from the centre of the structure, 
in the basin they dip towards the centre. 

O^etfolds and Oi^trihusis. Mow let us return to 
the overfolds. The capital letter S provides a 
suitable model*^ push from the right has resulted 
in the formation of an overturned syncline, Che 
bottom half of the $, and of an overturned anti« 
dine, the cop half. The weak place in the stricture 
represented Is obviously the middle part, the 
xni^le Umb the geologist calls it, connecting the 
lower limb of the overturned anticline with the 
upper limb of the overturned syncline. In the 
crustal overfolds, any particular bed becomes 
thinned in this middle limb both by extension of 
the bed and by migration of material into places 
of less pressure such as the arches and troughs of 
the adjacent folds. As the folding continues, the 
thiojiing of the middle limb may b^ome so marked 
that the adjacent folds cannot hold together and 
fracture oceuxa along it. The S-stiucture parts 
along the middle limb, the Cop of the S moves to 
the left along a plane gently sloping to the right. 
Technically speaking, overthrusting has occurred 
and the plane of movement is an overthnist or 
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thruat-pbme. In many of Che fo]d>bd{3» great 
wedges of the crusc have been moved forward along 
chnut'planes over the rocks below for scores of 
miles. Particularly clear examples are provided in 
the North-west Highlands of Scotland, as is shown 
in a later page. Along the great thrusuplana the 
rocks have been ground down and crushed Into 
hne particles to form the kind of rock known as 
mylonite (Greek ^/»mUl), so called because it 
has been through the mill, as it were. By over- 
thrusting or by large-scale recumbent folding, such 
as occurs in the Ibld-belts, great masses of the rocks 
of the crust have been translated far from their 
original positions; these translated masses are 
known as nappes (i.e. sheets, compare a 

little sheet). 

F^d-htlts. Compreaiion of the crust under the 
impulse of tangential forces thus leads to a con¬ 
traction expres^ in the folding and overthrustlng 
of the beds or other original structures affected. 
Relief is not attained through one single fold or 
one single overthrust. We find, in fact, that many 
comprcssional structures arc associated to make the 
fold-bdts, long narrow welts of crustal disturbance. 
The Alps, the Atlas, the Himalayas, and other 
mountain-sones of to-day provide example of such 
fold-belts. In addition to their folding, the fold- 
belts possess other rather remarkable characters 
which we consider later on. 

Irt the preceding paragraphs we have acquired 
a knowledge of the anatomy and terminology of 
folds and overthrusts. We can make these dry 
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academic bona come alive by studying in outline 
the two disturbed zones of the crust already referred 
to, first the North-west Highlands of Sootland as 
a sample of overthrusdng and second the Alps as 
a sample of folding and nappe formation. 

OMTthnuiing w the }{orlh-west Highlands. In in¬ 
vestigating the revolution that has affected the 
rock-groups of the western seaboard of the counties 
of Ross and Sutherland in the North-wat High¬ 
lands of Scotland, it is first necessary to determine 

what the original relationships of the rocks were_ 

original being used here in the sense previously 
defined as indicating the conditions ^fore the 
episode in earth-history we arc studying. In dis> 
playing these original relationships we have an 
opportunity of applying those principles of the 
historical study of the earth that have been sec 
forth in earlier chapters. The oldest rock-group of 
the area is a seriea of Plutonic rocks—inigmatltes» 
gneisses, and schistr^co which has been given the 
name latwn. The Lewisian has been determined 
to be the oldest rock because it underlies in Its 
original position all other rocks of the region. It is 
covered unconformably by thick beds of red fel- 
spathie sandstone, the Tmidon Sandshm. Its red 
colour, the unweathered nature of its felspar grains, 
the existence in it of wind-shaped pebbles—In 
short, its (aciea^indicate on uniformltarian llna 
that the Torridon Sandstone was deposited in a 
semi-arid continental environment. This is con¬ 
firmed by examination of the surface of Lewisian 
on which it rests. Beneath the Torridon Sandstone 
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u revealed the oldest landscape in Europe, for the 
sacdstones are seen to fill the valleys and to bury 
the pcala of a rugged mountainland carved out 
the Lewinan by the ordinary agents of erosion in 
Torridon Sandstone times. The grandeur of his 
theme is brought home to the most utilitarian of 
geologists Vi^en he observes such sections as that 
along the roadside north of Loch Asrynt where he 
can pick up dreikanier, etched by the winds of five 
hundred million yean ago, from the desert floor of 
Lewisiani rotted in that same distant period. Such 
thrills arise in no other science and they can be had 
at no cost by profestional and amateur alike. It is 
not to be wondered at that there was a time when 
professional geologists were paid low wages because 
they so ob^oualy enjoyed their job. But let us 
return to the geological history of the North-west 
Highlands. The next episode in this is a marine 
transgression recorded by sedimentary rocks which, 
from their fossil contents, are of CemMoft age. 
These Cambrian beds rest unconfortnably on 
Torridonian and Lewisiau, thdr plane of contact 
with these being smooth and clearly one of marine 
denudation. They record an advance of the sea 
over the Torridonian land by a series of beds 
begioning with sand, followed by mud and then 
grit and then shell-debris, and now represented by 
an upward succession of quartzite, shale, grit, and 
limestone. The original relationships of the rocks 
of the North-wen Highlands were, therefore, as 
follows; at the bottom the Lewirian, covered un- 
confonnably by Torridon Sandstone which is sue- 
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eccded unconfonuRbly by Cambrian sediments, 
These relaljonships are shovm in the left-hand 
portion of Fig. jo. We have now esiablished the 
original, pre-revoluiion condition of the rocks in 
this region and can pass on to examine the evidence 
for subsequent happenings. 

This can best be done by first recording the 
observations that a geologist would make along 
what he would call a travem over a particular 
stretch of the disturbed area and then by applying 
these observations to the North-west Highlands in 
general. Aj our umple traverse we select one 
which is bound to be made by any reader of thia 
book fortunate enough to visit the Norih-w»t 
Highlands; it runs along the south side of Loch 
Glcncoul five miles north of Inchnadamph in 
Western Sutherland, beginning at the roadside 
two miles soudt by east of Kylesku- Going east¬ 
wards from the road, the observer passes over out¬ 
crops of Lewisian, Torridonian, and Cambrian 
rocks with the characters and relationships already 
noted. He can satisfy himself, by extending hi» 
direct observations on the actual outcrops to the 
interpretation of the surrounding hiQ-scenery, that 
first a hilly land-surface of Lewisian has been buried 
beneath the Torridon Sandstone and second that 
the lowest Cambrian beds, quartzite, rest on * 
smooth plane of denudation carved out of Torri- 
donian and Lewisian rocks. He has reaffirmed the 
original relationships of the three rock-groups, 
Lewisian the oldest, Torridonian the intermediate, 
and Cambrian the youngest, Continuing cast- 
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>vards on his traverse, he finds the lowest Cambrian 
beds, the quartzites, covered by the next in the 
succes^o, (he shale. Itelaiiooships are iClU 
original, but as he proceeds up the steep hillside 
towards the head of the loch he observes associa¬ 
tions of the shale and the grit which are clearly not 
origicial. Instead of the original succession of shale 
and grit, he finds some shale and some grit repeated 
again and again, so that many small samples, as 
it were, of these beds make up a thickness of a hun¬ 
dred feet or more. It is clear that thin slices of 
these two beds have been packed together by move* 
ment along a number of small steeplih chruac- 
planei so that they come to lie on one another 
like tiles on a roof. The technical name for this 
structure is Imbricate, from the Latin imbux «tile. 
Climbing up through this imbricate zone, our 
observer meets spectacular evidence of silU more 
profound disturbance of the original relationships, 
for he finds the Cambrian rocks overlain by 
LewisUn, an entirely unnatural arrangement 
demanding for its production revolutionary ha]>- 
penings in the history of the earth. Detailed in¬ 
vestigation of the junction between Cambrian and 
overlying LewUian reveals that the rocks are there 
sheared and mylonlcized. The evidence justlhe* 
the interpretation that a wedge of Lewisism has 
been thrust over the Cambrian beds which, beneath 
the plane of movement, have been packed together 
into a pile of imbricate silvers. The right-hand 
part of Figure !0 shows these structures, so we can 
DOW compare the original relations h ip of the lefl 
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p&rt of the section with the revolutionary relation- 
ship of the right. 

Violent disturbances sunilar to those now so 
evident at Loch Glencoul have been demonstrated 
in a belt of the Mortb*west Highlands stretching 
from the north coast cf Sutherland southwards for 
a hundred miles to Skye. West of the belt of dis* 
turbance the foreland of Lewisiaa,Torridonian, and 
Cambrian remains unmoved, in the belt great 
wedges of the crust have yielded under compression 
and have been moved along gently^loping thrust- 
planes tens of miles towards the north-west, piling 
(heiDselva on one another and dragging out the 
underlying Cambrian in imbricate slices. Inchna- 
damph in Sutherland is a place of pilgrimage for 
geologists since nowhere else is clean-cut over- 
trusting so well displayed. 

Peking in tht Alps. The Alps, whose geological 
structure we are now to consider, is the most 
remarkable of all the folded regions of the crust. !t 
is probable that its structure taken as a whole is 
not a fair sample of that of the ordinary fold-belt, 
but it is well worth studying for its own sake. 
Moreover, in spite of this possible abnormality, the 
Alps do supply the most spectacular examples of 
recumbent folds, nappes, and overthrusts which, 
on a minor scale perhaps, are found in other folded 
zones. 

We have given the homely simile of the forms 
assumed by a towel coming through a mangle to 
illustrate a pile of recumbent folds lying on top of 
one another. We may use this model, without in 
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any way implying any analogguj method of pro- 
ducdon, to begin the examination of the structure 
of the Alps. The pile of folda in the towel a 
elongated with the fold axes running parallel with 
the length of the pile and conwts of upon ibld» 
as shown by inspection of the ends of the pile; the 
lower fbld^the lower tectonic elements, the 
geologist would call chetn-^are covered by the 
higher tectonic elements, and the highest fold of all 
conceals those below it; we could unfold the towel, 
lay it i^i and tnake some kind of esdmate about 
how much it had been ’shortened’ in making the 
pile of folds. Now transfer ourselves co the Alps. 
A century or more of geological Investigations In 
Swluerl^ and Western Austria has led to the 
interpretation of the Alps as basically a pile of 
enormous recumbent folds, with their axes curving 
in a gigantic arc from Riviera to Vienna; 
elaborations of this basic concept will appear as we 
go along* Erosion has bitten deep into the pile and 
great valleys have been excavated in the mountain 
belt so that as good a view of the crustal folds is 
provided as is given by the ends of our folded towel. 
Moreover, a considerably better view of the length¬ 
wise development of the Alpine folds is obtained 
since, In the frnt place, many of the higher struc¬ 
tures have been partially removed by erosion to 
reveal those belw, and, in the second place, 
culminations of pitch bring up to observation 
portions of the lowest folds and depressions of pitch 
have preserved in their saddles many of the higher 
stnietures so that their reladonsMps can be estab- 
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luhed. We have spoken of higher and lower 
tectonic eloneno such as recumbent folds, nappes, 
and overtbrust slices and, so far as their eroaon is 
conccTDcd, we can treat this succession of structures 
as we do a succession of beds. Thus, in the Alps, 
there are found relics detached by erosion from the 
rest of a nappe which correspond to the oudiers of 
a bedded succession—these nappe outlier* are 
called klippen (ungular, klippe). Similarly, partial 
erosion of a higher nappe, oAen on a culmination, 
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reveals an inlier of a lower nappe; this inlier is 
known as a window, since through It can be viewed 
the lower tectonic elements framed by the higher. 

Reduced to the simplest terms, the interpretation 
of the great fold'pile of the Alps is that it is made up. 
of four great tectonic units each consisting of a 
group of nappes. Beginning with the lowest, these 
units are named in ascending order: KelveUd, 
Pennid, Grbonld, Tirolid. Their arrangement is 
indicated in a schematic way in Figure 11. In this 
figure, the super-imposed nappes are shown as 
complete folds not reduced by erosioD. We obtain 
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the notion of the great nmses of the highest tectonic 
units flopping-over cowards the north, overridii^ 
and dragging out the lower units and even 
wrenching out wedges of the cryscalline foundation. 
We can readily appreciate the shortening of this 
segment of the crust, a shortening activated by the 
approach of the two margins of the original area 
of sedimentation. We can unroll our folded towel; 
let us see bow the Alpine folds unroll. In this opera* 
tion, the Alpine geologists take advantage of the 
changes in facies as indicating changes in environ* 
ment of sedimentation. They have determined 
chat the sedimentary rocks making the Helvetid 
nappes were deposited on the continental shelf 
bordering a northern land, the Pennid materials in 
a deeper sea to the south, the Grisonid, Tyrolid, 
and Dinarid materials on the continental shelf of 
a southern land. Unrolling the pile of nappes ai we 
did the folded towel, we can display the constituent 
sediments in their original undisturbed positions of 
formation. We an*ive at the idea that the Alps have 
been mode out of the sediments of a sea, we 
call it, lying between northern and southern lands. 
The operation of unrolling the nappes Is indicated 
in Figure is with the results shown in the lower 
part. Conversely, the nappes can be re-made by 
folding the sediments of Tethys through the aj> 
proach of the southern land to the northern. As 
the Swiss geologists put it: Afrua otmridts Europe. 

Now, subject the complete whole nappes of 
our diagramnvc scheme to erorion, bearing In mind 
that the fold-axes are subject to undulations, that 


OEOLOOY 


144 

they pitch and hEve culminations and depressions. 
Wc can readily see how, by a combination of 
adequate erosion and suitable structure, outlying 
relics of the higher tectonic units can be left score 
of miles in advance of the remainder of their unit to 
give the klippOD, and how stripping-oif by erosion 
of the higher elements on culminadons gives a 
window otposing a lower stnietural element or 
even a dragged-out wedge of the crystalline base¬ 
ment. We can best proceed with our study of the 
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Alps by working through a section tied on to the 
actual ground, and for thU purpose sve cannot do 
better than take one drawn by the Swiss geologist 
Argand from Lausanne across the Alps to Lom¬ 
bardy; it is shown, on a very reduc^ scale, in 
Figure tg. We begin at Lausanne. 

At Lausanne we are In the Swiss Plain between 
the Jura Mountains to the north and the Alps to 
the south. The Swiss Plain is the country ^ the 
Molasu, a series of sandstones and oor^Iomerates 
of Oligocene and Miocene age, freshwater or 
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manne morigia and made up of debris tfoded from 
the rising Alps. The older Molasse is involved In 
ibe Al^ne movements and supports relics of over> 
thrust nappes. Collet of Geneva has given the fol¬ 
lowing motion picture of these events: ‘the Alps 
travelling forward, and the pebbles going forward 
from the chain as it grows and then the chain 
riding over its own debris’. South-east beyond the 
Lalce of Geneva is the complex and fascinating 
region of the formed, It is thought, of 

relics, that is, klippen, and the fronts offolds belong¬ 
ing to the Helvetid, Pennid, and Orlsonid groups 
which have been thrust over the Molasse. The 
highest structural fragments which make great 
klippen possess a facies quite unlike chat of any 
native Swiss sediment i th^ are txotie and can best 
be matched with high tectonic elements of the 
Alpine edifice such as the Grisonids. They may 
represent all that remains in Switserland of the 
great roek-sheeu that once covered the Western 
Alps. Beyond the Pre-Alps rises the great moun¬ 
tain-wall of the H\^h Ciiiarfotu Alps, composed of 
Helvetid nappes made out of Mesozoic Kdiments 
that were deposited upon the crystalline founda¬ 
tion. In this zone, great overthrusts of the Scottish 
type are produced by the splintering and drawing 
forward of the old foundation as a consequence of 
the passage over it of the enormous mases of the 
highest tectonic elements. On culminations, exten¬ 
sive areas of the foundation are revealed, as in the 
granitic and gneissose masses of the Aiguilles 
Rouges and Mont Blanc. South-east of these 
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massifs follows the gigantic pile of Pennid nappes, 
six great recumbent folds with such famous names 
as Simplon, Great Sc. Bernard, Monte Rosa, and 
Dent Blanche, and made of Mesozoic sedlmena of 
deepwater facies. The pyramid of the Matterhorn 
is a remnant, isolated by erouon, of the Dent 
Blanche nappe. South-east again of the Pennid 
folds is a narrow iwi^^oru where the continuations 
of the Pennid and higher nappes plunge verdcaUy 
down. Beyond, in the Dinarids, is the southeast 
side of the fold-belt with movements directed 
relatively to the south-east. Even from this con¬ 
densed traverse, some idea of the style and com¬ 
plexity of the Alpine folds can be gathered. 

Let us now transfer ourselves Co xht/ortloAd of the 
Alpine arc and examine the structures of the Jura 
Mountains. Here, between the buttresses of the 
crystalline masalls of the Central Plateau of Prance 
and the horsts of the Rhineland, have surged 
ibrward the Upper layers of Mesosoic rocks under 
the Alpine impulses to produce structures com¬ 
parable to those of the rumpled table-cloth with 
which we began (his examination of folding in 
general. The folded table-cloth slides along the 
cable-top during folding, it is detached from the 
table. In the folded Jura this detachment— 
dieclUmeni (unglueing) is the technical word—takes 
place at a slippery salt-bed in the Middle Trias. 
Below this lubricating layer, the rest of the sedi¬ 
ments covering (he old foundation remain undis¬ 
turbed by the Alpine storm; above it, Che sediments 
ibid into table-^th folds, anticlines making hill- 



OSOLOOY 


148 

rid^, synclmes the vaUeys between, and xio fold 
permtidg; far. A lecdon, based upon one of Bux- 
torTS) illustraiing this d^ollement in the Jura is 
given in Fi^re 14. 

Tht Tcp0 i^^£cr of Earlh’mooemeni. Now chat we 
have been introduced to the morphology of folds 
and fractures and have studied a fow examples, we 
are ready to consider more general topics concern* 
ing the architecture of the crust. It will have 
become evident that there are two fundamentally 
different styles of movement in the earth's crust. 
The fint styU we have been examining in this 
chapter, it Is that which gives rise to the fold-belts 
of the crust in which evidences of shortening under 
tangential compression are clear and abundant. A 
belt is a long and narrow thing; (he fold-belts are 
long and narrow too, so that relatively little of the 
total volume of crustal material is involved in them. 
The process of making the fold-belts is called 
miny (Creek onv, mountain). For reasons that 
we examine later, the fold-belts often form moun¬ 
tain-zones, but the term orogeny as used by the 
geologist refers to a style of geological structure and 
not to a topographic elevation. Orogeny thtn is a 
aioirnt AortMotd raoolulionary tpUodt in 
usordsd in rsstriettd f^d-^tlts of tht cm;/. 

The stcwd stylo is et/oluiionaiy. We have studied its 
results in the traosgresslons and regressions re¬ 
corded in the pile of sedimentary rocks. We have 
watched the ebb and flow of the waters over vast 
areas of the continents. Broad swells and depres¬ 
sions form in the crust by vertical movement of 
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great Kgments. In thij scylc of movement we 
cannot lay our iiand on a part of the crust and say 
‘here is a fold’ or 'there is a fracture* j we are deal¬ 
ing wih broad warpings- That gtntU longAwd 
gwjlutmary tpuodet m e^rih-hislcty, rectmitd in ifu sedU 
mnlary smasiens grest txpansu of tfu lands, art 
eolM tptiroimU, from the Greek word eptimy 
continent. 

Orogeny and epcirogeny are thus two fun» 
dameneally different styles of earth>movecnent. 
Epeirogenic movement affecting great masses of 
continental size, or orogenic movement producing 
4 fold-belt stretching thousands of miles, must 
clearly demand causes of corresponding orders of 
magnitude. They are worldwide movements re* 
quiring a worldwide mechanism for their making. 
We consider certain aspects of this problem later. 

TKs Ovtr^hiek GtosyneUnal PiUs. We return to the 
examination of the orogenic belts to discuss one of 
^eir most remarkable characters. The sediments 
Involved in the revolutionary events recorded in 
the fbld'belis are many tiua thicker than the 
unfolded sediments of the same age. This fact was 
first demonstrated in the Appalachian fold-belt of 
the Eastern United Stat« where the folded sedi¬ 
mentary rocks arc some 40,000 feet in thickness, 
while the unfolded rocks on the flanks reach no 
more than a tenth of this, The fold-belts are long 
and narrow and the sediments in them arc con- 
listenUy over-thick (see Fig. 15). The raw materials 
ofwhich the fold-belts are made were thus deposited 
in a long narrow trough to which Dana in 1873 
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IQ the abnormally thick ^eosyndlnal piles, we find 
That their fades are suck Chat the majority of them 
must have accumulated in no great depth of sea¬ 
water. Many of the sedimentary rodss encountered 
are coarse dethul accumuladons Idd down rapidly 
in shallow seas by the erosion of adjacent high 
lands. The problem at once arises: how can, say, 
40,000 feet ^ shallow-water sediment accumulate 
in one pile? It is obvious that as a shallow trough 
was filled with shallow-water sedimenu, iu floor 
slowly subsided so that the deposition of 1 great 
thickness of sediments of this one facies became 
possible. The geoiyncUnes, therefore, are long 
narrow troughs whose floors are slowly subsiding. 
It was, and to some still is, an Irraistible temptation 
to conclude that (he weight of the sediments 
depresses the fioor of the geosyneline; as a foot is 
added to the pile, the floor goes down a foot so that 
another foot can be added. For certain reasons 
connected with the equipoise of the crust-^ topic 
we exatnine immediately—this mechamsm is un¬ 
likely to operate. The successive beds of shallow- 
water fiicies accumulate to enormous thicknesses 
because the floor of the geosyneline Is being con¬ 
tinuously and slowly downwarped. Not the least 
of the many astounding features ^>out the geosyn- 
dincs is this correspondence between the amount 
of sediment eroded from the adjacent lands aod the 
dovmwarping of the floor of the trough; events In 
the trough and on the flanks muse be correlated. 

Several proposals are before us concerning the 
cause of geosyoclinal downwarpiog. One view sees 
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it in tension, ftnothex in compression. According to 
the first opimoQ, the crust is thinned by being 
elongated, and the thinned part sags to form the 
geosyncline. The second, and more plausible, 
opinion regards the dovvnwarplng as part of a 
buckling under compression, other parts bong one 
or more flanking upwarps, whose erosion supplies 
the sediment to fill the trough. A third proposal 
invokes the help of convection currents below the 
crust; it is suggested that where such currents turn 
over and descend they may drag down the emst 
and so produce a geosynclinal depression. The 
discussion of these, and ocher, proposals is beyond 
our present purpose. However caused, the warps 
will be places of easier fracturing in the crust so 
that we are not surprised to And basic volcanic 
rocks, both intrusive and extrusive, intercalated 
among the sedimentary rocks of the geosyoclinal 
piles. 

Tht Pan nf Whatever may be the 

mechanism by which they are formed, the geesyn- 
clines—filled with a great thickness of partly im- 
consolidated sediznent*~wUl be zones of weakness in 
the crust when compression does act upon it or 
acts upon it more violently. TJu crust giw aUrtg the 
gMynclinesi Ifmr eonienis take Ou shcrUning. The 
over-thick pile is buckled, thrown into folds and 
overfblds, sliced into great nappes and overdiruiC 
wedges, and the scrtictures of the orogenic belts 
arise. This splaying-out of the contents of the 
trough along its margins is reasonably interpreted 
as remlting from the approach of the flanks of the 

t. 
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gcosyncline; the jaws of the vice come K^ether so 
that what is between is squeezed. We have men- 
tioned spiayiugvout, but from various considera¬ 
tions it is ot^ous that only part of the geosynelinaf 
pile buckle upwards; its deeper parts will 
buckle downwards and so come into hotter and 
more energetic zones of the crust. Further, the 
formation of the geosyncline and the subsequent 
orogenic duturbance are not without effect upon 
the sialic layer below. Sy the depression of this 
layer, granitic magma or graniUzing emanations 
become activated and invade (he lower portions 
of the folded structure. As we have noted in the 
previous chapter, the folding initiates and localizes 
the sites of granitization. The rocks of (he depths 
—the granitic batholiihi, the migmatites, and the 
netamorphic rocks—are naturally linked to the 
orogenic belts; folding and Plutonic rocks are 
manifestations of the same underlying cause. We 
now realise the profbundly different roles played 
by the Volcanic and Plutonic rocks in earth- 
hbtoiy. Wheni in the next chapter, we display 
the pattern of this history we shall give examples 
of the accumulation of geosynclinal piles and of 
their subsequent fates. 

77 u CrusI is Balc/uti. It has been noted in an 
earlier page that though the term orogeny means, 
literally, mountaln'buildiag, the geologist uses it 
to denote the production of the structural com¬ 
plexities he sees in the fold-belts. But many of the 
fold-belts, especially the more modem, are moun¬ 
tain-belts In the geographical sense—they are 


THE EEVOLVTIONAEY EPISODES 155 

elevated 2ono of the crust. In inquiring into the 
reason why many fold'bdu stand high, we touch 
upon what is the most fundamental property of the 
earth’s crust, a property which is concerned in one 
way or another with all geological operations. We 
proceed to look into some aspects of the ideas 
grouped around this principle of 

This term isosiasy is bas^ upon a Greek word 
meaning in equipoise or balanced. The principle 
is that the earth's crust U in equipoise. Above a 
certain level in (he erust-^the UmI of eompensaiiot^ 
calculated to be some 50100 km. below sea-level, 
columns of the same sized cross-section have the 
same mass whatever their length. In other words, 
in such columns length multiplied by density is a 
constant value. The longer column, that which 
standi high, must therefore contain the greater 
amount of lighter material, and the longat column, 
such as the high mountain-ranges of to-day, must 
have most of the lighter material. We have seen 
this result foreshadowed In our account of the con* 
sUtution of the crust as revealed by earthquake 
study. We saw there first, that the continental 
masses, made of light granitic sial, stood high, 
second, that the oceans were floored for the most 
part by heavy slma, and third that the Atlantic 
with a thin and patchy sialic covering is on the 
whole not so deep as the Pacific, which is probably 
bare of sialic material; the length of the continental, 
Atlantic, and Pacific columns is related to the 
densities of the rnaierlals making them. 

The proposal that the mountainous columns are 
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made up of dense material can be tested by 
plumty^b observations. The astonishin; fact was 
demonstrated long that mounulns attract the 
plumt^bob to a very small amount and in some 
experiments have actually repulsed it. The moun> 
tains are bard and solid things which we know suid 
can test; tbe extraordinary behaviour of the plumb* 
bob can only be related to some more deep*seaced 
cause, it can be reasonably Interpreied by postu* 
lating deep roots of light material extending 
beneath the visible mouatains; tbe attraction of 
the heavier material Henking the light roots has 
worked against the attraction of the mountain mass. 
Along another line, the existence of a granitic sialic 
root beneath the Sierra Nevada has been deduced 
from the speeds of earthquake waves which have 
passed beneath that range. The mountainous 
eminences, tbe continenul masses and the deep 
ocean floors agree as witnesses of isostatic adjust¬ 
ment. We can represent the relationships between 
the lengths of the crustal columns and their eon* 
siitutioni by the suggestions of Figure 16. The 
lighter sialic raAs are buoyed up in (he denser stroa. 
The floating body with a higher freeboard has a 
deeper draught, the log with most out of the water 
has most in it, and the high mountains have deep 
sialic roots. 

In the makir^ of the geoIogist*s mountain-belt 
we have seen the packing and compression of the 
light sediments filling tbe geosyncline so that a 
thirk pile of light material arises along the site of 
the trough. The sialic jaws of the depression have 
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come together and have aided in the formation of 
the deep root of light material beneath the moun* 
taiQ'belt. The column of light material risea to 
att^n iaoetadc etjuilibrium and becomes a long and 
therefore high column, the geographer’s mountain 
range. 

Measuremenii show that isostatic adjustment in 
the crustal columns is almost perfect, a fact giving 
rise to interesting speculations. The lengths of the 



Flf. :6. lietusy r balance in the cAUt; the msM i/i the ibert 
eelumn A equil« that la the long column B; the light 
sialic rafts oTthe coneiiients are buoyed up in the deniee 
iirna 

columns do not remain constant; material is eroded 
from the land and carried to (he sea so that a load 
is Uben from the continents and placed upon the 
sea floor. Iiostatle equilibrium can be maintained 
by slow sub'Crustal flow of deep dense material 
from repons of deposition to regions of denudation, 
a proposal requiring but Utde streDg:th in the layer 
of the earth below the crust. We can contrast a 
strong crust, the lithosphere, with a weak sul>crust, 
the asthenosphere. the lithosphere, though 
strong, sags under great and widdy distributed 
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Icada. For example, melting of the great ice^heeu 
of the Pleistocene period has led to the ecoergcnce 
of the glaciated lands as the weight of the ice 
which depressed them was taken off them—an 
emeigence recorded in the existence of raised 
beaches, old shorelines, now many metres above 
(he present sea'level. 

DatiTig ihi Rfoolutwu. lUvoludonary disiutv 
bances, whether human or geological, are short- 
lived affairs separated by long periods of relative 
quiet. As we have said before, it happens that we 
are now living in the midst of a geological revolu* 
tion and we shall otamine orogeny in action in a 
later page. There have been many revolutionary 
episodes In the past and we have to inquire how 
these are dated and how they lit into the dine* 
scheme of (he geological column. 

It is obvious that an earth-movement must be 
later than the youngest rock or structure affected 
by it. It may sometimes be difficult to fix a lower 
limit with any accuracy since it may not be possible 
either to date the disturbed rocks, on account per¬ 
haps of their lack of fossils, or to demonstrate that 
the rocks seen to be disturbed are in fact the young¬ 
est to be affected. Consider a folded copy of Thi 
Tima; to-day’s Tima must have been folded to¬ 
day, a Times a year old could have been folded any 
time during the year, and a Tima with its date 
removed would provide oppoitunity for much dis¬ 
cussion as to when it was folded. So it is with the 
sheets recording earth-history. The upper time* 
limit of a crustal movement is obviously fixed by 
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the age of the oldeet bedi, which, undiscurbed, 
overlie the fo lded rocks; this age may be detenziiii> 
able within varyir^ lutiits. Some examplea will 
help here; we may convemently use rock-groups 
funiliar to us from foregoing pages. 

The folded Lewiiian ii unconformably covered 
by the unfolded Torridonian in the North-west 
Highlands of Scotland; we cannot on the geological 
evidence decide what was the interval of titoe 
between the folding of the Lewiiian and the depoel* 
tion of the Torridonian sandstones—the interval 
may be a few million yean or the half of geological 
time. All the geologist is justified in saying u that 
the Lewiiian rocks were folded in Pte-Torridonian 
dmea. In the same region, the basal Gambriaa 
quaruite rests unconformably on the Torridon 
sandstone; the tilting of the Torridonian is earlier 
than the deposition of the lowest Cambrian beds 
and, failing discovery of fossils in the Torridonian, 
that Is all that can be said about Its date. The 
interval for the revolution can be more accurately 
delimited when the relevant rocks are fossiJiferous 
sediments. A good example here is provided by 
Hutton’s unconformity in Berwickshire (Fig. 2) 
which, as we have repeatedly remarked, revealed 
to him his 'succession of former worlds*. At Siccar 
Point on the Berwickshire eoast, the basal beds of 
the Upper division of the Old lied Sandstone— 
determined to be such by the fossil fish they contain 
—rest upon the upturned edges of vertical Silurian 
rocks whose fossils indicate that they belong to the 
lowest division of that system; the Berwickshire 
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iblding is therefore later than Lower Silurian and 
earlier than Upper Old Red Sandstone times. 

We may intercalate here a revolution that we have 
not mentioned before. It is recorded by the un> 
conformity below the Permian rocks in Yorkshire; 
here the folded uppermost Carboniferous rocks of 
tbe Yorkshire coallield are covered by the unfolded 
basal beds of the Permian—we are justified in stac* 
ing only that the folding U later than the youngest 
Carboniferous rocks 9 f Torkshirt and earlier than the 
oldest Permian rocks ^ TVkMW. There may be 
still younger Carboniferous rocks and still older 
Permian rocks elsewhere. For our last example of 
dating a movement we may take the warping of the 
Chalk in South*east England; here a group of 
sands called the Thanet Sands and belonging to the 
Lower Eocene rests upon various aones of the Chalk 
—the movement Is later than the youngest zone of 
the Chalk encountered and earlier than the Thanet 
Sands. 

In the small island of Britain, then, many earth- 
movements of differing styles and scales are re« 
corded and these can be dated within very varying 
limits. A view of the geological history of the 
British area gives a picture of an alternation of 
short revolutionary episodes and long quiet periods. 
A picture of eanb-history as a whole may not be a 
simple enlargement of the British picture but per¬ 
haps a composite of many overlapping pictures. 
This may arise from a number of causes, the chi^ 
possibly deriving from the very nature of the timing 
of geological events. Tbe geologist uses no stop- 
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w&toh, and cwo events are contemporaneou Co him 
when they fUl within an interval of hundreds of 
thousands of yean. Detailed andysis> such as chac 
of Stille, the German geologic, reveals that very 
few fold-periods can be precuely dated. Many of 
the gaps in the stradgraphical column in which 
orogenies are now placed are exceedingly wide, so 
that by a very coane correlation the succession of 
earth-movement becomes falsely simple In style. 
For (he present and until more detailed correlations 
are possible* we must accept the oversUnpUhed 
picCure. 

Where the duradon of a fold-movement can be 
estimated, It Is of the order of hundreds of thousands 
of years and contrasts with the vaster periods r^ 
quii^ for sedimentary accumulation. It remains 
true to say that earth-history is an aAair of short 
storms and long calms; orogeny appears not to be, 
as some geologists have suggest^, a condnuous 
earth-process. It seems rather that the great revolu* 
dons consist of several episodes which in themselves 
may not have been strictly contemporaneous. 

With the limitations suggested above, It appears 
that the more violent revolutions are recorded in 
widely separated areas of the crust. As an example, 
consider the episode of folding, known as the 
Larojmdf, which separated typical Cretaceous sedi¬ 
mentation from typical Eocene sedimentation. The 
type localides for its display are in the KAcldes, but 
it is recognised in the Andes jo South America and 
at many places along the great fold-belt that 
stretches from the Mediterranean, to the East 
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Indies; north of the great complexities of this beUj 
we aee it appearing as the minor warplngs of the 
Chalk beneath the transgressive Eocene in France, 
Belgium, and England. 

Orogenies, as we have seen, differ in scale, and 
one orogeny differs in scale in different regions of 
its development. Accordingly, many or few epi¬ 
sodes can be inserted in a time-chart and can be 
grouped into major revolutions in various ways— 
all these different treatments depending upon the 
outlook and of^en on the nationality of the com* 
piler. For our present purpose we can distinguish 
three m^or revolutions, each with minor phases, 
in the earth's history since Cambrian times. The 
first occurred during the later part of the Older 
Falaeosoic and, from id development in Scotland, 
is called the Caledman orogeny i the second is late 
Younger Palaeozoic in date and has a variety of 
names, Varlscan, Appalachian, and 

others; the third is the great orogeny, of 

late Mesozoic and Tertiary date. 

During the vast stretches of Pre-Cambrian 
times, there were doubtless many gigantic revolu¬ 
tions whose records will provide puzzles for genera¬ 
tions of geologists. The discussion of Pre-Cambrian 
orogeny is mainly beyond our present needs; we 
will deal with certain aspects of it in the next 
chapter and content ourselves now with d\is bald 
statement. 

With the insertion of the main erogenic phases 
in otxr geological column we arrive at our Second 
Table of Earth-History. 
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Thi Ctauts of Jiaolti^ora. We hftve now made 
&cqualatance with the manner in which oro^ei^ 
revolutions are recorded in the cnut and how at 
intervals they have enlivened the calm unfolding 
of earth-history. We may beat close this chapter by 
inquiring into the proposals put forward to account 
for the orogenic episodes. As was to be expected 
for so vast and nebulous a topic, these proposals 
are many and we can select only a few fbr examina¬ 
tion. Our selection displays some of the more 
reasonable or more interesting—no duality being 
implied by these adjecdves—of the ipeculatxons and 
propositions. 

Red-hot lava is seen to come up from the bowels 
of the earth, temperatures m deep mines are higher 
than surface temperatures, the earth is considered 
to have a crust and in this crust the igneous or fire- 
formed rocks are abundant. Ail these and many 
more early observations and tenets of geology were 
in keeping with the view that the earth was a hot 
body cooling down and» if cooling, then contract¬ 
ing. The mountain-beliB were clearly belts of 
compression where zones of the earth had con¬ 
tracted. It is no wonder that the classic and still 
iivotired opinion on the cause of orogeny is the 
CoftiTtuiion Thtofy. The contraction of the cooling 
earth gives rise first to the geosynclinal depression 
and then, growing in power, compresses the con¬ 
tents of the trough into the folds of the mountain- 
belts. The solid crust has to acconixnodate itself 
to a shrinking interior and can do so only by 
shortening itself. This shortening will occur in the 
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belts of weakness formed by the elongated geosyn* 
depresuons filled with uacoosolldated sedi> 
menis. The pattern of the Alpine orogeiuc belts 
appears to agree with that demand^ by the 
theory. Further, in a oontracdng earth, stresses 
will begin to accvuB\date again after each orogemc 
relief undl they overcome the strength of the crust; 
along these lines the periodicity of orogeny is to be 
explained. Finally, the world>^e distribution of 
the erogenic belts of one revoludon requires a 
worldwide cause and here earth<ontracdon fulfils 
the requirements. The Contraction Theory has 
therefore much in its favour and, in a ahlfiing 
world, j$ the sure anchor of the orthodox. 

Criticisms of the Gontroedon Theory are never* 
thelets numerous and varied. Its rundacnental 
postulate that the earili is cooling has been qua- 
tioned, whilst many of its upholders admit that 
the amount, on any reasonable admate, that the 
earth has cooled is Insufficient to account for the 
actual crustal shortening seen in the fold-belts. 
From the mechanism of earth-contraction that ii 
proposed, it is concluded that the orogenic eplsoda 
should be more widely spaced as the earth becomes 
older, but this is clearly not the case in fact. In 
spite of this, as Jeffreys has said, 'even if the con¬ 
traction theory was given up, it would sdli be 
necessary to find a theory to account for the con¬ 
traction* actually observed. 

We can only inadequately glance in pasung at 
two other theories of mount^n-building. Daly 
suggests that the earth is warped by unequal con- 
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traction in the continental and oceanic aegmenta 
so that the coatinenul raases slide down inclines 
over the glassy substratum towards the oceanic 
depressions and thereby compress and buckle up 
the contents of the geosynclines located on the 
land-margios. Mellard Reade considered chat with 
sufficient subsidence the sedlmeritaiy piles in the 
geosynclines would he so heated and expanded Chat 
they would rise upwards as folded mountaia>belts j 
they could not find relief sideways on expansion 
and might rise so high that nappes slid down the 
flanks ofthe elevated mass. Bo^ these theories can 
be sulgected to fairly destructive criticisms. 

In the early earth, convection cumnts must have 
operated, light hot material rising co the bottom of 
the crust, there tpreadlog out, becoming cooler and 
heavier and then descending. With heating main* 
eained by radioacdve decay, ic Is reasonable to 
consider that subcrustal convection currents con* 
tinue to move in the present earth. We may recall 
that sub-cruiul currents of some kind are 
demanded in isostatic readjustments. The activity 
of CcmcliM Currents In mountain-building has been 
advocated by Dull, Holmes, and others. It is pro¬ 
posed that these currents rasp along the bottom of 
the continental rails aod drag them along. De- 
icendlng systems of slow currents pull down the 
geosynclinal trough, as previously mendoned, 
quicker currents increase the downwarping so that 
the sedimentary flUing of the trough is compressed 
inro the folds seen in the orogeoic bells, which 
themselves rise into mouDtaiu ranges when the 
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c\tfrent8 slacken off again. The Convection Current 
Theory of orogeny is admittedly attractive, but 
until more is known of the earth’s interior and until 
the localiaation of the current systems and the 
relation of the postulated systems to the pattern 
of the orogenic belts are more clearly elucidated by 
it» it must be Judged as non^proven. 

The Convection Current Theory has begun to 
move the continental sialic raAs sufhciently to com* 
press the fold-belts. The Thtory of Conixiwiial Drifl, 
which we have already mentioned and which we 
now examine, freely moves the sialic rafb over the 
sima substratum like iee-hoes over the sea. The 
continental masses have become mobile^ the 
earth’s printary features are no longer permanent, 
palaeogeographic maps are to be modihed by 
almost another dimension i it is not to be wondered 
at that Continental DriA is capable of arousing 
violent and vituperative discussion when more than 
two geologists meet together. 

A great body of geological and geophysical data, 
hypotheses, and speculation permits the conclusions 
that the discontinuous sialic continental fragments 
are buoyed up in a continuous simatic layer and 
that the sialic layer is thin under the Atlantic and 
absent under most of the Pacific. These conclusions 
may reasonably be accepted. When we examine 
the edges of the continental rafts we find some very 
remarkable differences. The Pacihe edges are 
characterised by fold-belts and arcs runnmg 
parallel with the ocean margins; the Atlantic 
edges, on the other hand, show fold-belts running 
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at ao ang!e to the margins and j^reaenting the 
appearance of being cut olT sharp by the Atlantic 
coaat*. The Theory of Goniiii«itaI Drift propoca 
to account for this, and a great deal more besides, 
by reuniting the now separated land>masaea into 
one great condnenc which, at the beginning of the 
Mesozoic, broke into fragments which slowly 
drifted apart, westwards and cowards the equator. 
The Atlantic is a mucb>widened liuure formed by 
the drifUng of the Americas westwards from 
Europe and Africa; the fissure has cut across the 
orogenic trend*lines and the Atlantic type of coast 
has resulted. The prows or leading ^ges of the 
sialic rafts are buckled as they move through the 
aima and have thus given rise to the Pacific type 
of coast with the fold»belts running parallel with 
the ocean margins. The drift towards the equator 
has compressed the sedimentary contents of Che 
great geosyncUne of Tethyi to make the Mediter¬ 
ranean fold-belt of the Alpine orogeny. 

What geological considerations underlie these 
entertaining proposals? We select a few. Firtt, 
however they are interpreted, there are un¬ 
doubtedly very remaikable correspondences in the 
geology of the two sides of the Atlantic. Fold-belts 
of many ages, faunal provinces, facies regions, and 
similar geological individualities match up in a 
surprising way when the Americas are plac^ close 
to Europe-Africa. As one example, the Gambr^ 
Ordovician rocks of the Eastern United States have 
a northern and a souchem facies; identical northern 
and southern facies occitr in rocks of the age 
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in Scotland and Wales. As another example, the 
Caledonian disturbances of Scotland appear to run 
ashore in Newfoundland and the Hercyniaxi folds of 
Southern Ireland to connect with the Appalachian 
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folds of the same date in the Eastern States. The 
early Scottish pioaeers laoding in Eastern Canada 
recognized that typical Scotdah rock, the Old Red 
Sandstone, and called their new country Nova 
Scotia. Fold-belts of various ages in South America 
match up with belts of corresponding ages in Africa. 
A selection of these croa-Aclaniic matchings is 
given in Figure 1 7. 

A second coniideradon is the detailed similarity 
in the rather peculiar geological history of South 
America, South Africa, AustraUa, and India—a 
aimiJariiy which has resulted In the notion of 
GwiwofkilanJ, a great southern land-mass (see 
Fig. 23). In Penno-Carboniiercus times this land- 
mass was subjected to intense glaciation and tiJlites 
arc found on its detached portions, both north and 
south of the equator. Contemporaneous with this 
glaciation, trc^ical coal-swamps existed in the 
northern hemisphere. Such arrangements could be 
interpreted If the present fragments of Gondwana* 
land were collect^ in Penno-Carbomferoui times 
around a south pole and had since drifted apart, as 
suggested In Figure 18. If the sialic rafts are per¬ 
mitted to move through the sima, their positions 
with respect to the earth*s axis of rotation may 
become changed so that the problem of the occur¬ 
rence of tropical facies in the present polar regions 
and polar fades in the present equatorial regions 
may be solved. 

For many geol<^ists and geophysicists, the theory 
of contioental drift is wrecked by the absence of a 
motive force of suffident power. No adequate cause 
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for drifting u proposed. If, however, we decide on 
gtologiaU grounds that drift has occurred, we are not 
compelled to provide a otecbanism. We are ceriam 
of the Pleistocene glaciation without being able to 
give its catue, and we are certain of transgressions 
and a host of geolog^al events without knowing 
what occarioned them. There are, of course, 
numbers of grave eriticisim of the Drift Theory. 
For example, so far as orogeny is concerned, we find 
the fold'^lts made up of over*thick geosyndinal 
sediments and not of pushed-together sialic stuff. 
But geology vvould be much leas attractive vdthout 
this and similar speculations to enliven it. 


CHAPTESL 5 

THE PATTERN OF EARTH-HISTORY 


Im the foregoing we have examined the itranda 
which go CO make the pattern of earth-history. We 
have learnt how to read the records of great move¬ 
ments of land and sea provided by the sedimentary 
rocks, how to interpret the evidence of volcanic and 
plutonie episodes, and how to unravel the com¬ 
plexities of the revolutionary epochs. We have now 
to weave the diverse strands into the unity which 
makes the past of our planet and| finally, in a spirit 
perhaps of reckless prophecy, to suggest what its 
geological future might be. From the multi- 
tudinous episodes thronging to be recorded, we can 
select only sufficient to preserve the continuity. Of 
these, a few can be viewed in some deuU as Illus¬ 
trative of profound and lignilicant turns in earth- 
history. 

TV Oldest Rock- What is perhaps the very oldest 
rock svailable for our Inspection is a conglomerate 
from Manitoba and, from detenninatlons by radio¬ 
active methods of the age of associated rocks, It is 
well over 1,750 million years old. It is a sedime:^ 
tary rock, presumably formed in that far-off time 
by the ordinary processes of sedimentation. Our 
oldest record is thus one of an event chat is being 
repeated to-day. We can perhaps push our history 
one stage &rther back, for the conglomerate con- 
*73 
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tains p^bbks of granite which witness to an earlier 
orogenic epoch, but beyond this is a geological 
blank. There Is a tremendoiu lost period between* 
the birth of the earth and the deposition of the 
Mamcoban conglomerate. We have lost the first 
crust, we can only speculate on the nature of the 
first atmosphere, and the very remarkable sedi* 
mena resulting from the hnt rains are lost to us. 
So soon as these rains fell, the geological history 
of the earth began. But our oldest accessible sedi« 
menu are normal rocks and we do not know how 
great an interval separates them from the dme of 
the fiitt rains. Before the making of the Manltobsin 
conglomerate, earth-history is an affair for the 
astronomer and geophysicist, but with its deposi* 
tion the first decipherable page of the geological 
record was written and the geologist can begin his 
tale* But this beginning appears as no straight¬ 
forward and fluent opening chapter but rather as 
a fortuitous collection of scraps of paragraphs and 
sentences. Let us lock into the reasons for the 
obscurity of this early record. 

Frt^embricn Obscmty. The lower limit of the 
Cambrian system has been placed at the beds con¬ 
taining the oldest undoubted and recogniaable 
fossils-^tbe O^rarf^urBiuna-Huid their date has been 
given as about 500 million years ago. The Mani¬ 
toban conglomerate is older than 1,750 million 
years; the Pre-Cambrian rocks registering the 
events between these two dates are almost entirely 
devoid of decent organic remains. The Cambrian 
and later rocks teem with varied fossils so that the 
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50Q million y«ar$ of their formation can be divided 
up into a multitude of life-zones, and Che standard 
methods of stratifraphlcal correlation applied to 
them. The Pre-Cambrian rocks, fonDcd during 
a period three times as long, holding only a 
lew doubtful evidences of life, and occurring In 
disconnected outcrops, cannct be dealt with by 
the standard methods; correladon becomes a 
hazardous proceeding. The application to the 
Pre-Cambrian rocka of either of old William 
Smith’s lawsi the very bases of stratigraphy, is un¬ 
certain ; where there is a chance chat the rocks have 
been turned upside down the Law of Superposition 
is not reliable, and where there are no fossils the 
Law of Strata IdentiSed by their Fossil Remains 
tneans nothing. 

Though it natmally forms the basis of much of 
the correlation in the Pre-Cambrian, lithology is 
really no sure guide. Pre* Cambrian time is so 
vast that even rare phenomena such as widespread 
glaciation might be repeated half a dozen times, 
whilst more ordinary events have certainly recurred 
unceasingly. Without fossils, rocks of the same 
type, whatever their ages, may appear alike. Before 
the geologist correlates two Pre-Cambrian red 
sandstones, for example, he should pause and con¬ 
template two detached specimens Old Red and 
New Red Sandstones, known to be separated by 
100 million years. 

It is cflen said chat mecamorphism is the cause 
of the obscurity of the Pre-Cambrian record, but 
this statement is only partly true. Metamorphism 
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may have destroyed Pre'Cambnan fosuls juat as it 
baa destroyed Tertiary fossils, but there are gigantic 
accumulauoiu of Pre-Cambrian sediments com¬ 
pletely unmetamoiphosed and seemingly utterly 
devoid of organic remains. Admittedly, an old 
fossil has run more risb of being destroyed than a 
modem one, but we should not appeal to meta* 
morphism either to wipe out fossils or to supply 
evidence of andquity. Metamorphism cannot be 
used as a teat of the age of rocks. 

ImoI Stqutneu Btst. In the geological history of 
the Pre*Cambrian, then, we must deal vdth very 
long and somewhat elastic time amti> imperfectly 
correlated and delimited. It is cuiiomary, especi¬ 
ally in America^ to divide Pre-Cambrian time into 
two partly an earlier called Arthtctw (primeval 
life), and a later called FnUmoic (earlier life). 
Then names are not altogether happy choices since 
there is practically no life, dther primeval or early, 
recorded in these rocks. This twofold classiheation 
of the Pre-Cembrian appears to be an extension of 
the loesil fact that in some countries a non-meta* 
moTphic scries of rocks rests unconformably upon 
a meiamorphic series; in Scotland, as we have 
seen, Torridon sandstones rest upon Z^ewisian 
goeisses. There is a danger of over-simpliltcation 
of the Pre-Cambrian picture, of forcing all meta¬ 
morphosed rocks into the older category and all 
unmetanorpbosed into the younger. It seems 
better, dll we know more, to deal with the Pre- 
Cambrian rocks loyally, in local sequences. We 
study samples of these local sequences immediately, 
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but we have to examine the validity of the 
methods by which they are built up. 

Bu\l£ng-up tfu Local Sequanct. Great advances 
have been made recently in the determination of 
the age-relationships of Pre-Cambrian sediments by 
the use of original 8edimenta(ion<haracter8 such as 
cuiTent-beddlQg> graded bedding, ripple-mark, and 
others. The laminae of sediment involved in 
current-bedding ohen have their iop$ truncated 
before the deposition of the next layers, the boUom 
parts of graded beds are the coarsest, the cusps of 
lycnmetrical ripple-marks are originally upp€most. 
These characters are illustrated in Figure 19. They 
may be preserved even in highly metamorphosed 
beds and, by observations on their present attitude, 
they may with good fortune ixtdicate the 'way-up* of 
the succession and help to compensate the Pre- 
Cambrian geologist for hli inability to use William 
Smith’s two laws. By these means, great inversions 
of the metamorphosed sedlmenury rocks of the 
Grampian Highlands of Scotland have been 
demonstrated. Mining geologists, working, for 
example, in the Canadian mineral districts, use 
these criteria constantly. But, when all is said, only 
local stradgraphical sequences can be established 
with their aid. Correlations and detenninationa of 
reladve ages in great regions have been attempted 
by other means. 

Extirtding tfu Local Sequerui, Among these other 
means, the recognition of granites of various ages 
in the Pre-Cambrian complexes has been applied. 
If it can be shown that a certain granite was being 
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eroded dviring the interval reprttcated by a certain 
unconformity, then all nock* invaded by that 
granite are older than the unconformity. In Fin¬ 
land and in Canada, three separate unconformities 
^vide the sequence and, between these erosion 
inecrvalj, three separate granites inio position 
and are accordingly dated. If these granites can 
be disdnguiihed and recognized over great areas, 
then a means of correlation is available. The 
validity of this method depends upon the deter* 
ainadon of a given granite as belonging to a certain 
epoch of granitiaation. This, in the writer’s 
opinion, may be a hazardous proceeding involving 
views about granite with which he has litile 
sympathy. 

We have mentioned unconihrmides in the Pre- 
Cambrian complexes. Many episodes of upheaval 
and degradation of great mountain^ysteens are to 
be expected in a time so extensive as the Pre- 
Camtdan. Investigation of the old rocks of 
Scandinavia, Canada and elsewhere, reveals three 
or more major revolutions. In any restricted area, 
the record of several cycles of sedimentation, 
orogeny, granitization, and erosion can be estab* 
li^ed with geological certainty, but correlation 
with the records of other areas Is no simple matter. 
The magnitude of an unconformity, for example, 
may vary in different parts of the one region and 
different unconformities may be expressed over 
widely different epanses. There is an almost 
irroistablc tempution to correlate m^or uncon¬ 
formities and make them a record of a dnglc 
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world-wide orogeny. When we designate all Pre- 
Cajobrian orogeny as Htzroolan or Chamiap, as 
some do, we ignore a great fuceesnon of revolutions. 
This question aS the sorting-ouc of the Fre* 
Cambrian orogeak* wiU peritaps be settled by 
radioacdvicy deiaminarions, a Better which has 
been dealt with by Holmes. In his invaluable 
synthesis of (he Vaves of change which have pulsed 
through geological rime* and have been recorded 
in the erogenic cycles, Holnes has summarized the 
radioactivity data bearu^ on the ages of the Pre- 
Cambrian revohiriOQi. Tbe cycles recorded in the 
chief Pro-Caaibrian areas are disentangled by 
means of age-determinations of geologically dated 
rocks, tod then these parrial sequences are erected 
into a single sequence baaed upon tbeae ages and 
a^llcable to the whole Pr^Caenbrian of the 
world. By this, six dated orogenki appear: they 
are the ibUowing, their approsdmate dates being 
given in mUlioos of yean : Manitoba, 1,750; White 
Sea, S|6oo; Great Bear Lake (Canada), 1,350; 
Laurenrian (Canada), Svecofeonid (S. PlnlMd), 
r,050i Killamean (Canada), 750, and Karelian 
(Lapland), 850; Gbamian (England), 600. 

lius line of attack on (he problem ot fn- 
Cambrian correlarion (ull gf promise and 
may provide, with increasing knowledge, as sure a 
sequence for these ancient rocks as fiwuLf have in 
the younger. 

Ttu SJdiUs^ Tbe Pre-Cambrian 

rocks form two disrinct ^nA» outcrop. In the 
firs^ and the les important ibr our present purpose. 
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they arc brought up for our observation in the 
cores of the later foU^lU. We art more concerned 
here with (he second type of occurrence, the great 
Pre-Cambrian sJuelds In which millions of s<^uare 
miles of the earch*s surface are made by these 
ancient completes. These shields form the nuclei of 
the continents which appear to have been bt^t up 
around them; between the shields the continental 
masses are eovered by skins of younger rocks. The 
shields have been for long the great stable portions 
of the crust; their rocks have not been folded since 
late Pre-Cimbrian times, and uoiblded Cambrian 
beds rest upon them around their margins. The 
more important shields are the Cenadim making 
two million square miles of eastern Canada, the 
Bal^ forming most of Scandinavia and Pudand, 
the Sibuian providing the nucleus of Asia, a minor 
development in BiiMsular IndiOy the western half of 
Australia, the making most of Africa south 

of the Sahara and Including Arabia imd Mada¬ 
gascar, and the great South American shields of 
Guiana to the north and Brazil and the Plate to the 
south of the Amazon. The small development in the 
Western Highlands and Hebrides of Scotland may 
be consider^ either as a fragment of another shield 
or as a portion of the Canadian shield, according to 
the reader’s opinion of Continental Drift. We can 
only glance at a few aspects of the geological history 
recorded in these immense masses. 

Parts of the shields are geologically well known, 
since Pre-Cambrian rocks supply the bulk of the 
metalliferous ores, especially those of iron, copper. 
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nickd, gold, &Dd sQver. Id parentbeas, we nay 
remark that ^^loever impletoents Article IV of the 
Atlantic Gharcer, provkhi^ for equal access to raw 
materials, would best prepare himself for hu task 
by a short study of the Pr&Gambrian. The shields 
provide evidezKC of the two contrasting stylet of 
eartlshistory, the quiet accumulation of great piles 
of sediments azsd lavas and tbe violeat disturbance 
and granitisadoQ of these inks in the short orogeiiie 
spasms. Tbe record is bm known in Finland and 
^nada. 

7 Tu Finnah RMmd. As a result cf* the application 
of the doctrine of unifermitariansnn, Soderholm 
the Finnish master and hit successors have un¬ 
ravelled the tangled ccssplexitkt of the old rocks 
of Finland and have demonstrated in them four 
cycles of ledimenution separated by orogeny, 
granitlration, and erodon. Sediments of normal 
type have been demonstrated to make the oldest 
bwement Lavas flowed into the set to make 
pillow«Iavas in that fai^off time as they do t^ay 
in Hawaii. It is with revcaence that the geologist 
visiling Finland sees metamoiphosed varved clays, 
deposited in a facial lake nearly 2,ooo million 
years ago, covered by varved days def^ted half a 
million years ago during tbe Pleastocene glaciation. 
Mod^ work oc the Finnish complexes indicatea 
that certain of the orogeok phases produced fold- 
bdts of styit »ted oo geoeyndinal depres¬ 

sions. In repeated episodes of granitiaatjon, the 
country-rocks have b«n convert into granites, 
iD^matitcs, profoundly metamorphosed rocks. 
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The Uat depcnC of Pre^Cambrian time is a con* 
tineoial red sandstone, unfolded and umuetamor- 
phosed, which was worn down into a level surface 
before the Cambrian transgression. This Jotnian 
sandstone recalls our Torridon sandstone in char* 
acter, but, as we have said before, without fossils 
all eoarse red ielspathic sandstones are aliJce. 

Tht Cana^an Rieord. In the Canadian Shield (see 
Fig. 22) the sequence of events is best known in the 
Great Lakes area, where gigantic deposits of iron* 
ore have given stimulus to geological exploration. 
In this area, sediments and volcanic rocks of normal 
types amounting to tens of thousands of feet in 
thickness are interrupted by at least three great un¬ 
conformities recording orogenic episodes of folding 
and granitisation. 'Hie oldest rocks are the sedi¬ 
ments and pillow-lavas of the Kervotin System 
whose formation was followed by the great moun¬ 
tain-building known as the L^tnHan^ dated by 
Holmes as 1,050 million years old{ extensive 
granitlradon and migmatiaation profoundly 
changed the Keewatin sediments, giving rocks 
which were for long regarded as the first crust of 
the earth. The Laurendaa mountains were then 
subjected to erosion and worn down; along their 
lowered Hanks were deposited, perhaps as wide 
alluvial fans, the conglomerates sandstones 
which give the Timi^emng System. Next followed 
the great Algernon revolution, when Timiskaming 
and all older rocks were folded and in places granit- 
iaed. Though we are by no means finished with the 
story, we are beginning to realize the complexities 





OftOtOOV 


184 

of Pre'Cambrian geology. The Amencan^ place 
the boundary between Archeozoic and Proterozoic 
at the erosion interval that succeeded the Algoman 
mountain-building. 

The younger or Proiero2oic portion of the Great 
l^akes Pre-Cambrian begins with the Hwonion 
System, a gigandc pile of sedimeau of many facies 
^conglomerates, quartzites, Henestone, slates, and 
vast deposits of iron-ore. Huronian detail need not 
detain us, but we must consider one particular bed. 
This is known as the GmicndA Con^lomsrats and 11 
dearly an ancient boulder<lay or tillite; with it 
are aaoclatcd banded slates interpreted as varves. 
The old UiUte rests upon a surface which shows 
glacial scratches and holds erratics whose prove* 
nance can be determioed. Applying exactly the 
same methods as are used in the study of the 
modem Pleistocene glaciation in the same repon, 
Canadian geologists have determined the direc¬ 
tions of ice*movement during that remote event and 
have shown that some thousands of square miles 
were covered by the Gowganda ice-shcet. Here is 
unifornutarjanism at its best. We return to Pre- 
Cambrian gladation immediately but have now to 
finish the Canadian record. This ends with the 
formation of the basic lavas and red sandstones of 
the KnjJWHtwan series; the sediments are of land 
iacics and have been compared with the Scottish 
Torridonian and the Finnish JotnJan. In certain 
parts of the Canadian Shield, die last event In Pr^ 
Cambrian time was a mounutn-buiJding move¬ 
ment known as the KiUamean orogeny In which 



THE PATTERN 09 EARTH-HISTORY I85 

Kcweenawan rocks were involved. These details 
axe given to indicate the intricacy of the story chat 
is revealed in the Canadian Shield which, though 
well-known in places, is still fox the most part 
virgin ground. 

Before leaving North America for more general 
topics, we have to introduce the B«H System, a 
gigantic accumulation 50,000 or more feet thick of 
sandstones, shales, and limestones, occurring in 
Monuna, Idaho, and British Columbia. These 
beds were not violently folded but only gently 
warped and then eroded before the deposition of the 
Cambrian rocks. Though they are what the fossil- 
ccllector would call promising rocks likely to yield 
an abundance of fossils, only a few doubtful remains 
have been discovered in them after extensive and 
lengthy search; this is an interesting general matter 
that we look into in a later paragraph. We have 
ftrsc to discuss the Pre-Cambrian glaciation. 

(jIoMm in t/a Pt-t-CamMan. The Gowganda 
Conglomerate is by no means the only Pre-Cam¬ 
brian bed interpreted as a record of glaciation. 
Deposits regarded as Proterozoic tillites have been 
described from such widely separated localities as 
the Canadian Shield, Utah, the FUnden Range of 
Cental Australia, the Yangtze valley in 
India, South Africa, Norway, and East Greenland. 
The tempudon to erect a worldwide glacial period 
can be listed by remembering the length of 
Proterozoic time, some 500 million years; in half 
that time, between the Pcrmo-Carbonileroiis and 
now, there have been two first-class glaciations. 

N 
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Prottfos^ time u long enough to contain several 
widespread glaciations even though they are rare 
eveno. \Vha( we have to realise is that great ice- 
sheets have been formed time and again from a 
quite early penod in geological history. 

Uft. There remains to be con¬ 
sidered the fasdoating problem of life in the Pre- 
Cambrian. As has been mentioned, devoted search 
for 4 century has revealed only meagre traces of 
organisms in the ^e-Cambrian rocks. The varied 
life of the Cambrian Kerns to start with a bang 
and gives an impression of a large number of 
diverdiied forms suddenly appearing. This im¬ 
pression needs 1 little correction; Cambrian life 11 
not highly organised but is still somewhat 'wormy* 
in type. Even the intricatedooking tribolites have 
a bilateral symmetry—they are 'worms with flaps 
on each side*. Many of the Lower Cambrian sh^ 
are thin homy structures. But still the Cambrian 
Kas did support an abundance of creatures whereas 
(he Proterozoic, in spite of i ts nmne, appears to have 
been almost barren. Apart from trackii burrows, 
traces of supposed sponges and of possible radio- 
laris, the common organisms reported from the 
Proterozoic rocks are algae. Calcareous algal 
deposits appear to be widespread and abundant. 
We should not marvel too much at this—'lim^ 
secretion' by algae seems to be almost a matter of 
inorganic ^precipitation. We have decided in 
previous pages first that the Proterozoic rocks 
appear to be suitable for the deposition and pre- 
servadon of fosdls, and seeotii that metamoiphism 
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caztnot be held respoosible ibr the destruction of 
Proterozoic organic resoaioi. 

White we are ooosidanng the question of Pre> 
Cambrian life as it should be recorded by fossils, 
there arises a connected inquiry. This is concerned 
with the occurrence of great ihicknessM of sedi¬ 
mentary rocks in the Pre-Gambrias which nor- 
miUly ^inand Life of one kind or another for their 
formatioD. Tl)us, beds of graphite, occurring 
exactly like coal-seams, are abixndant in the 
Canadian Pre-Gambmn; there is much more 
carbon in these rocks chan thoe is in all the coal 
seams of the Carboniferous. In Finland, a seam of 
anthracite (schungite), 2 metres thick, is found is 
the Pre-Cambrian rocks. In many Pre-Cambrian 
successions, black shales and slates are widespread 
and abundant. Admittedly, some graphite is of 
inorganic origm, but the drcumstances of the 
ordinary Pre-Cambrian occurrences demand the 
ewsteoce of abundant plant and animal life at that 
time. But there are Mho enormous developmeno 
of limestone and dolomite throughout the Pre- 
Cambrian, and the manner <jt tbdr production is 
an interesting inquiry since they show little indica¬ 
tion of organic accumuladcKi. 

From whBC we have said in many previous pages, 
it is reasonable to propose that Pre-Cambrian 
organisms were mostly scil-bodied. Not till late in 
the period did they btgin to ez>case themselves in 
calcareous shells a reinforce themselves with 
calcareous structures. By the Cambrian, their 
attempts had begun to succeed; a trazisitional 
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Stage is marked by the chiUnous horay structures 
requiring only a little Ibiie. From the many pro* 
petals to account lor this change over from soft* 
bodied CO protected or reinforced types of life, we 
select two for eociment. 

Brooks suggested fifty years ago that the shores 
and bottoms of the shallow seas were first dis* 
covered and colonized by marine organisms just 
before the opeructg of the Cambrian; in this new 
habitat, competition was Intense and forms able to 
develop ehitinous or calcareous shells and skeletons 
for their protection prevailed to give the Cambrian 
fONiii. As a criticism of Brooks’s proposal, we may 
suggest it is unlikely that the shores and shallow 
seas were ever vacant and tenantless; they muse 
have been inhabited all the time life has been oa 
the earth. 

Daly has argued that the Pre-Cambrian oceans 
were free from lime so that no material was avail¬ 
able for the building of calcareous shells and 
structures. SofUbodied organisms, decaying in 
muldrudes on the sea-floor, provided ammonium 
carbonate, which reacted with calcium salts dis¬ 
solved in the s&a-waier to ^ve insoluble calcium 
carbonate, which was precipitated. Thus no lime 
was left in the sea-water and the great thicknesses 
of limestone and dolomite found in the Pre- 
Cambrian were depceited; the remarkable sedi¬ 
mentary iron-ores, jaspers, and cherts were due to 
similar reactions. Daly su^ests that lime became 
available, so that Cambrian organisms could build 
their shells of calcium carbonate, either by the 
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evolutioQ of sea-boKom scavazigen or by the 
delivery into the sea of great amounts of calcium 
salts. This latter event (and it seems to the writer 
the more likely) could be caused by the lengthy 
erosion of Pre>Cambrian mountainous lands on 
which were exposed great expanses of basic volcanic 
rocks limestones—these, as we have seen, 

being cocnnon Pre’Cambrian rocks. 

Whether ornot the effect on the Pre>Gambnan 
seas was what Daly has proposed, a great period of 
erosion clcses Pre^Camhrian history. The moun> 
tainous continents were worn down into gendy 
undulating plains across which the traosgressive 
seas of the Cambrian advanced. Let ui examine 
these great inundadoos. 

TheOrMtImifdMion^tMiLmBtrP4U$otfiic. In the 
Lower Palaeosoie we have a well-doctnsented 
chapter of earth-history, lasting soine 175 million 
years and providing a typical example of the 
lengthy and quiet style of event. As we have seen, 
this great is divided by the spedaiista into 
Cambrian, Ordovician, aid Silurian, each with a 
number of smaller lectsons, but la this little book 
we require ockly suCBdent detail for the continuity 
of the story. The fossils found in the Cambrian 
rocks are varied and abundant, so that accurate 
correlation is poeible and rocks can be matched as 
records of time-intervals ova* the whole world. The 
Lower Palaeozoic as a wb«^ is a stc^ of great 
submergences aTwt emergences, tnn^rearions and 
r^ressions, with only local and oceptional earth- 
movements. These floods and ebbs must not be 
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conaidemi as somaching like a Severn bore; they 
cook tenj of milHoiu of yean for their completion 
and wt may beat get the proper perspective by 
companng the Lower FaJaeosoic crustal warpiogs 
with the present rate of uplift of the Northern Baltic 
lands, about a centimetre a year. The keynote of 
l^wer Falaeoaoic history, then, Ij the gradual 
advance and retreat of the seas, 

The lengthy erosion period at the end of the Pre> 
Cambrian had left the continents low, The 
Cam&ruTi neord begins with a great transgression, 
the sea flooding on to the low lands and continually 
esepaoding. As a result, the Cambrian rocks rest 
discordantly on the old foundation and the higher 
Cambrian beds are usually more ecteosive than 
those below. The sediments do not include much 
limestone; Che suecesnon begins with sandstones 
or quaraita, followed by shala and these by 
thin limestones, In certain elongated tracts, 
geosynclines were initiated in which continuous 
deposition of chick sediments took place. As an 
illustration of these, let us consider North America 
in Cambrian limes; palaeogeographie studies show 
that two north'souih geosynclioes were established, 
one on the site ^ the eastern half of the 
present Cordillera and the other on the site of 
the present Appalachian Mountains in the Eastern 
States (see Fig. 34). In the Canadian Rockio, 
magniiice&t sections, is,000 or more feet in thick* 
ness, of Cambrian roeb of the western geosyncline 
are eseposed. The mountains bordering the western 
geosyudine on the west and the eastern on the east 
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provided amoims of coarse decricus to make 
the early Cambrian sediments, but later in the 
period they became lowered by erosion and con* 
tribuCed fitW material in smaller quantities to the 
Cambrian seas, as witnessed by Ae general sue* 
cession sandstones, shales, thin limestones. The 
quiet sedimentation of the Cambrian was undis¬ 
turbed by volcaniciCy. It ended with a broad 
emergence. 

Ordopuian time saw the maximum extension of 
the seas. Half North America, for example, was 
covered and only the old Pre-Cambrian islands 
kept above the waters. Flucoiatioiu of the sea- 
levels, successions of regional and local inundations 
and emergences, have been established by patient 
accumulation of data on facies changes and 
sequences. It is enough for us to see the general 
picture of quiet ebb and How. But the Ordovician 
quiet was broken in many regions by ftnt-class 
volcanic outbursts. In the Eastern United States, 
great ash-&lls occurred during the middle of the 
period, whilst in Britiun piles of lavas and thick 
beds of ash accumulated in many districts during 
Ordovician time. Volcanic rocks of this age make 
the craggy Borrowdale country of the Lake Dis¬ 
trict, and similar resistant lavas are responsible for 
much of the bolder scenery of North Wales, on 
Snowdon, the Arenigs, Conway Mountain, and 
Cader Idris. 

Tha Tqcoim Disturbarut. In restricted and widely 
separated areas, the close of Ordovician time was 
marked by a disturbance dignified by the name of 
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the Tacom OrQgmy, fi'om ia development in cbc 
Taconic MounUind of Maoachusetu. The over- 
thick Cambrian and Ordovtd&n sediments of the 
northern part of the Appalachian ^osynclme were 
compress^ and folded into a mountain-belt 
stretching from NevdoundJand to New Jeney. This 
Taconic mountain-belt was levelled by erosion 
before the deposition of the Silurian which 
rest unconformabiy on the folded older rocks. 
Disturbance of the tame age is recorded by the 
unconformable relationship of Silurian to folded 
Ordovician and older rocks in the Welsh Border¬ 
land. The Post-Cambrian movemeots in the 
North-west Highlands of Scotland may also be 
Taconic. By some geologists> the Tacooic dis¬ 
turbance is regarded as an early spasm of the 
greater orogeny that closed the Lower Palaeosolc. 

Tfu Eliding ^ Vti Jj>w€r Paluazoic G^o^nclvu. 
Most of history continued the pattern of 

minor transgression and regression characteristic of 
the X^wer Palaeosoio, but towards the end of the 
period less usual deposits heralded a change in the 
style of events. Normal Silurian sediments can be 
examined in Shropshire and the Welsh borders, 
but more spectacular displays are provided by the 
gorge and falls of Niagara. The Up of the great 
falls is made of resistant dolomites of Middle 
Silurian age which rest upon more easily eroded 
shales and sandstones of the lower part of the system 
in which the poo! has been carved. The gozge is 
i^oored with Ordovidan rocks on whi^ the 
Silurian rests discordantly. The Niagara lim»tone 


THZ PATT8RN OP EA&TK'RISTORY I93 

of adj ac«nt regions of the United States and Canada 
ai!brd 9 many excellent examples of andent coral 
reds. Ill-bedded limestone composed of organic 
fragments b»ound together by coral sand and mud 
forms lenses or knolls sometimes a mile long and 
seventy or more feet high endosed in normal 
thinly bedded limestone. This Niagara sea, pre« 
sumably shallow, clear, and warm, extended into 
the present Arctic regions, for similar limestones 
are found in Greenland. In Shropshire small ree& 
occur in the Wenlock Limestone d middle Silurian 
age. 

As already mentioned, the standard Lower 
Palaeozoic style of events began to change towards 
the end of Silurian time. The first abnormality we 
have to consider is the development in Upper 
Silurian times of arid conditions over a great 
region In the eastern United States. The coral seas 
of earlier time gave place to a great E>ead Sea 
from whose intensely salt waters were predpltated 
lenses of salt. These lenses, interbedded with shales, 
occur over an area of some 10,000 square miles. 
In many places, beds of salt hundreds of feet thick 
are encountered, a thickness uncomibrcably great 
to be derived from the evaporation of an enclosed 
basin of any reasonable depth. We must suppose 
either a thickening of this very mobile and 
temperamental rock by folding, or else a continuous 
replenishment of the waters being evaporated in 
the basin by accessions from outside—..a mechanism 
seen in operation to-day in the Gulf of KsiJabugaa 
on the east shore of the Caspian. 
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la para of Britain, the normal type of man&e 
SUuriaa rocks is followed by a groupi the Dcwr> 
team, which appean to represent a transition into 
the succeeding continental facies of the Old Red 
Sandstone. The Dovmtonian consists of yellow 
sandstone and shales with thin layers of tme^eds. 
These are made up largely of fragments of 6 shes 
and Crustacea, and the manner of their formation 
has given rise to some discussion; one set of inter¬ 
pretations sees them as due Co extUKtions of the 
organisms through sudden ehanga of conditions 
or through earthquake shock, another regards them 
as products of an environment in which little land- 
derived detritus was forthcoming to dilute the 
organic contributions. Whatever the origin of the 
boD^bedi may be, the Downtonian ro^ record 
the change of condidons wldch brought the Lower 
Palaeosmc to an end. Before we examine the 
further progreu of this change, we have to glance 
at (he life of these early periods. 

Thi PeUem ef Lewr Peiatetoie Lift. We have 
already seen thot the earliest &unas preserved for 
us in the Cambrian rocks were composed of 
abundant and varied types. These were all in¬ 
habitants of the sea. Life, apart from a few lowly 
forms of plants which duog desperately to the 
rocb of the shores, had not yet dlKOvered the land 
which stood gaunt and bare, unprotected by a 
plant cover and therefore ravaged by every wind 
and rain. Is the Cambrian seas, invertebrate 
an i m^ils of diverse groups swarmed and struggled. 
Some contrived experiments which succeeded for 
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R hundred mUUon yean or more but were then 
found wanting, some as far as we can see did 
nothing but exist and yet their descendants stiU 
exist. But some pioneen gained a slight advantage 
which, by continued development, has provided the 
highest forms of modern Life. 

The dominant types of Cambrian life were the 
brachsopods, with a bivalve shell, and the triloblta. 
lea abundant being forms such w sponges, pro¬ 
tozoa, worms, cystids, gasteropods, and others. The 
triJobites lasted till Carboniferous times but then 
went under, yet their remarkable experiment had 
succeeded throughout the Lower Palaeozoic. 
Dnwings of some of those tued in zoning the 
Cambrian rocks are illustrated m Figure ao. 
During Ordovician times, marine invertebrates 
continued to thrive and multiply. During this 
period, the remarkable group of organisms known 
as the graptolitei flourished. These were minute 
colonial animals living in small cups arranged along 
rods atuched to some kind of float or floating body 
(Fig. ao). Their evolution was rapid and their 
manner of life led to their wide dispersal, so that 
they are used for delicate correlation over immense 
areas; they are the zone^fossils of the Ordovician 
and Silurian rocks. 

One of the most important events in iho history 
of the earth occurred in later Ordovician time—^ 
an animal emerged with the beginnings of a back¬ 
bone. A fast-moving organism had found that he 
could prevent his head from being driven back 
into his body by struftii^ himself with an internal 




196 


OKOLOOV 







THE PATTERN OF 6ARTK-HI8TORY I97 

iQDginidinal skeleton. The first of the fish had 
appeared and, with this beautiful device of a back> 
bone, animals could now become lat^fer and more 
complex. Man, preening himself in an airplane, 
should look back humbly at these distant ancestors, 
the Osiraadermi of the Ordovician. By the end of 
Silurian time, small fishes were abundant if 
primitive; their lower jaws were poorly developed 
and their type is now almost extinct. With the 
Silurian, too, we have the beginnings of life on the 
land, thotigh it is represented only by fragments of 
land-plants and obscure seorpion-Uke beasts which 
were probably air-breatbers and spent some of their 
time, at least, ashore. 

Tfu CaUihniim Umlution. Let ui continue with 
the geological record and examine the happenings 
in late Silurian time. If we trace the development 
of the whole pile of Lower Palaeozoic sediments 
from the Baltic area westwards into Britain, we 
disclose two significant fkcts : Jirsl, the Baltic sedi¬ 
ments are very much thinner than the British, and 
40 CMd, they are unfolded and unmetamorphosed 
whilst (he British rocks are violently folded and 
usually in the condition of slates (see Fig. 15, 
p. As an illustration, the few hundred feet of 
the Cambrian Blue Clay of Leningrad is a record 
of the same length of time as thousands of feet of 
grits and slates in Norch Wales. It is clear that we 
are dealing with two contrasted fecitt, that of the 
stable area in the Baltic and that of the unstable or 
geosynclinal area in Britain. We may look at the 
history and Sktt of the British Lower Palaeozoic 
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^osynclme an example of a cbaracterlsdc aeries 
of events in eanh-hlstory. 

Bepiuiing with the deposits of the cransgressive 
seas of the earliest Cambrian, a ^eat pile of aedi* 
mentary rocks, in places nearly eight miles thick, 
accumulated during Lower Palaeozoic time in a 
belt elongated northeast and aouth>west lying 
between land^massea in the Scottish Highlands on 
the one hand and possibly in the Channel or 
Northern France on the other. Detailed investiga' 
dons of the facies of this gigantic assemblage reveal 
a north'cast and iouth«west alignment. The main 
major facies concerned are known as: the grafitclitic, 
black ibales deposited in the deeper parts of the 
sea; the coarse detriuJ accumulatloni 

such as grits and conglomerate*; the vpUanu, the 
products of vast numbers of Ordovician volcanoes; 
the ifuUjt, shallow-water or shore deposits char¬ 
acterized by bracbiopods and trilobites. Facies 
studies have enabled reasonable palaeogecgraphi- 
cal maps to be constructed fbr many intervals of 
Lower Palaeozoic time. The classic example of 
facies contrast is that eludicaied by Lapworlh in 
the Girvan and Moifat districts in the Southern 
Uplands of Scotland; at Moffat 2^ feet of grapto- 
litic black shales were deposited in the same 
as 4,400 feet of grits, sandstones, and shales were 
formed at Girvan, some fifty miles distant. Sedi¬ 
mentation in the geosyncline was not continuous 
and was intemapted from time to time through 
buckling of the floor. We have seen one particular 
example of this in the Taconic disturbance at the 
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end of Ordovician time. But this Rod the lesser 
disturbances were only the precursors of the greater 
revoluCuwi that set in towards the close of the 
Silurian and ended the existence of the Lower 
palaeozoic geosyncUcie. The heralds of this revolu¬ 
tion were the abnormal deposits of the Downtonian. 
In the places of the deep seas were formed brac k ish 
lagocna and, as the revolution continued, the site 
of the geosyncline became a land-mass. The main 
phase of the CaUeicnuM mgtry had occurred* The 
contents of the geosyncUnal trough were folded 
and compressed, the finer-grained types were con* 
verted into slates, granites came into position. In 
Britain, the effects of the Caledonian orogeny are 
seen in the cleaved and folded Lower Palaeozoic 
rocks which make the Southern Uplands of Scot¬ 
land, the core of the Lake District, North and 
Central Wales and South-east Ireland. The general 
trend of the structures U north-east to south-west. 
In the preceding chapter we have given details of 
the spectacular results of orogeny displayed in the 
thrust-zones of the North-west Highlands, where 
the displacements can be proved to be post- 
Ordovician in age, and thus could be reckoned 
with the Taconic disturbance. 

The Caledonian geosyncline was not confined to 
Britain, but swept in a great arc through Scan¬ 
dinavia and Spitzbergen to Greenland. Along this 
arc arose the Caledonian moimtams. In Scan¬ 
dinavia, we find the counterpart of the North-west 
Highland thrust-zons but there the direction of 
movement is towards the south-east The two 


800 


OBOLOOY 


margins of the geosynclme bad given as the jaws 
came together (Tig. fii). Orogeny dated as Gale* 
donian ii known from all condnenu and this 
revolutionary period provided one of the major 
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Fif. flt. Tlie Geplofica^ Makeup of Europe 


events in earth*history. We see more of it when 
we cross again to America. 

The Conseqtmees Uu CeUdoman Mou/Ucift- 

The conaequeoeea of the main phase of the 

Oaledonian orogeny in Korih^east Europe are re¬ 
vealed in tbc stTikiag contrasts in facies of the rocks 




























THE FATT£fitN BARTH»B 18 T 0 RV dOf 

of the Devonian; we have used these contrasts in 
an earlier chapter to illustrate fades-variatlom and’ 
have given in Figure 3 a palaeoge^aphic map 
based upon them. Britain to the itorth of the 
present Bristol Channel together with Scandinavia 
and adjacent regions, for so long the scene of 
geocyndinaJ sedimentation, now became mountain^ 
ous lands with a general grain running north-east 
and south-west. iMong the flanks of the xnounuins 
and in the lakes occupying the depressions between 
them were deposited the breccias, conglomerates, 
sandstones, and shales of the Old Red Sandstone 
—the land facies of the Devonian. Relics of these 
deposits are seen in Herefordshire, around the 
Cheviot, in the Midland Valley of Scotland, and 
along the shores of the Moray Firth. The lower 
division of the Old Red Sandstone is made up 
partly of a great thickness of volcanic rocks, mostly 
andesitic lavas, and much of the hill scenery of tho 
Lowlands arises iroa these resistant masses; the 
Pentlands, Ochils, Sidlaws, and the hills about 
Oban are ocamples. The Caledonian orogeny 
continued during Devonian times as witnessed by 
an imconformicy below the upper division of Iho 
Old Red Sandstone. 

Oif the shores of the land upon which accumu* 
lated the Old Red Sandstone, there was depositeil 
the Devonian Utcoral facies which we have already 
sampled in Devonshire. This facies extended in a 
general west-east direction from southernmost Ire¬ 
land through Cornwall and Devon into Nonhem 
France. It is typically developed in the Aidcnnea 
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and ii conCmii«d by many German tnaswla such at 
the Harz into Poland. The record begins with 
thick accumulaiionj of ehaUow.watcr sediments ^ 
is continued by limestones, shales, and other de¬ 
ports of deeper seas. Basic lavas helped to swell 
the pile. During Devonian lime, the land margin 
oscillated so that, especially in its more northerly 
developments, this littoral facies shows mtercala- 
lions of Old Red Sandstone type. 

South of the littoral belt is the roam, truly 
marine, facies of the Devonian, made up for the 
most part of limestones and shales. In this medi* 
cerrancan region, sedimentation was continuous 
from saurian through Devonian into late Carbon- 
iferous times, so that complexities resulting from 
the Ctledonisji mountain-building are absent. 
But, as we see later, it was this great geosyncUnal 
pUe that was inolcnlly affected by the next major 
orogeny, and iu roeb, toughened and buttr^cd 
during this revolution, now make the mountainous 
massifs of Spain, Pyrenea, Central France, the 
Vosges, the Balkans, and North Africa (sec Fig. 9 i). 
As a contrast, Devonian deposits are thin and fiat 
over the great plains of Russia; eastwards in the 
Urals we have, however, another example of 
geosynclinal accumulation similar to that of the 
mediterranean region and, like it, violently affected 
by subsequent earth-movements. 

Viewing Devonian cvenU in Europe as a whole 
we observe the beginning of a northward irans* 
gresdon which, by Catbooiferoiis dmes, had pene¬ 
trated deep into the Old Red Sandstone lands. 
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Before we take up the consideration of this inunda¬ 
tion wc have to cross to America for a glance at 
Devonian happenings there. In Canada and the 
United States we can distinguish in a general way 
the two contrsisted facies of Devonian rocks. In 
New Brunswick and Nova Scotia, a group of red 
conglomerates, sandstones, and shaitt recall, thou^ 
imperfectly, the Scottish Old Red Sandstone; these 
roeb have yielded fossil fish comparable with those 
of the lowest and the uppermost divisions of the 
Scottish roeb. Elsewhere in North America, 
Devonian strata are marine; aAer their retreat at 
the close of the Silurian, the seas advanced, re¬ 
occupied the whole of the Lower Palaeosoic 
geosyneJines and came to cover during the Devon¬ 
ian Period vast stretches of the continent. American 
geologists have however recognized an episode of 
unrest over part of their Devonian seas. The earth- 
movements known as the Acadian Disturbance 
began to affect the northern part of the Appala¬ 
chian geosyncUne at about the middle of the 
Devonian period and increased in intensity till its 
close. A mountain-belt arose in Eastern Canada 
and New England and the disturbance is recorded 
as far south as South Carolina. Volcanic and 
pluconic activity accompanied the orogeny. As a 
consequence of the Taconic and Acadian distur¬ 
bances, the northern portion of the Appalachian 
geosyncline became permanently land. If we define 
Caledonian orogeny as that accomplished before 
the close of the Devonian period, then the Acadian 
disturbance can be reckoned as Caledonian. Along 
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the west coast of Newfoundland, in the estuary of 
the Saint Lawrence and south to New York, this 
Caledonian mouncain'front shows overchnuting to 
(he north-west similar to that of the Caledonian 
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front of die North-west Scottish Highlands (Fig. 
aa). The orogenic belt, truncated by the Atlantic 
in Scotland, has come ashore in Ne^^undland to 
provide comfort for Wegener and his followers in 
Conlioental Drift. 

Dfvcmm lAft. Devonian d&es were trying times 
for life, and biological changes occurred commen- 
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jurate with the ^ognphical changes. Grapcolices 
and tnlobites, successfhl during the quieter Lower 
Palaeoaoic, could not stand the pace and declined 
or became extinct. The dominant forms were the 
fishes, descendants of that Middle Ordovician 
experimenter who had tried out the first backbone. 
The Devonian fishes were heavily-armoured primi¬ 
tive types, but were the forerunners In two develop¬ 
ments of fundamental importance. The anatomy 
of the Devonian Crossopcerygian fishes shows the 
beginning of the paired pattern of limbs which in 
time developed into that of the higher vertebrates, 
the amphibians, reptiles, and mammals. Further, 
primitive lungfs were evolved and some of the fish 
spent some of their time out of the water. Our 
ancestors had landed. These anphiblans did not, 
and have not yet, conquered the lands, because 
they have not been able to shake off old habits such 
as laying their eggs in water. But still the course 
was now set for the development of the highest 
vertebrate creatures. Invertebrate life continued to 
fiourUh In Devonian times, the corals, lamelll- 
branchs and gastcropods becoming more important 
elements in the faunas. A simple ammonoid or 
coiled cephaiopod appeared. Profound changes 
took place in ^e plants, and by the close of the 
period land plants were abundant and highly 
organized. The earliest land flora, one of a ample 
type, is beautifully preserved in the siliclfied peat- 
discovered by William Mackic at Rhynie in 
Aberdeenshire and reckoned to be of Middle Old 
Red Sandstone age. The occupation of the lands 
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by pUnis must hav« led to a chauge in the rates 
and styles oT denudation; the bare inhospitable 
landscapes of earlier dmes were now clothed and 
protected. 

A Meu> Traugnsfion. We have already noted the 
initiation in Devonian times of a transgression in 
Western Europe; the higher Devonian rocks of 
Belgium, for example, overlap the lower and extend 
farther to the north. In the Carboniferous period 
which we have now to consider, this transgression 
reached its maximum and ended with the period. 
The British Carboniferous rocks provide an excel¬ 
lent record of these events. 

At the beginning of the Carbonilbrous period, a 
clean shallow sea invaded the Old Red Sandstone 
land on its southern fringe in South Wales and 
Southern England, and in it were deposited the 
lowest beds of the Cerhomfema Limuiav. With 
continuing advance, the same sort of sea came to 
cover the northern Midlands, where only the upper 
parts of the Carboniferous Limestone are found. 
Becween these two provinces a low land, *St, 
George’s Land', stretched from the Irish Sea across 
Central Wales and the southern Midlands. The 
Carboniferous Limestone, though duck and erten- 
aive, is of shallow-water fades, with iagoonal muds, 
banks of shells, and other characters of this environ¬ 
ment. As the rocks of Carboniferous Limestone age 
are followed northwards, their facies change; in 
Yorkshire, shales and sandstones are loteri^ated 
with limestones, and farther north in Nortbumber- 
land and the Midland Valley of Scotland seams of 
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coal enter into the succession and limestones be* 
come thinner and rarer. It is clear that the clean 
seas oC Derbyshire arc giving place to muddy 
estuaries and deltaic flats bordering a northern 
land. To complete the picture of Carbonilerous 
Limestone times, we may refer to the contempor¬ 
aneous Culm iacies of I^onshirCi deepish-water 
marine muds, and to the outpouring of vast bodies 
of lava and the emplacement of other Volcanic 



Fig. s$. VirlatloiU In the Faciei of the Carbonif^ui Rocks 
of Creat Britain 

rocks JD Southern Scotland. These fitcles variations 
are indicated in Figure 23. 

From the characters of the deporits which suo 
cecded those of Carboniferous Limestone dme in 
Britain, it can be deduced chat the land-masses to 
the north became elevated so that their rivers were 
rejuvenated and could transport great loads of 
coarse detritus into the CarbonUerotis seas. The 
shallow seas between St. Gcorge*s Land and the 
northern highlands were invaded by vast deltaic 
fans recorded in the sandstones and shales of the 
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tiiDe, the sea-baans were filled and great swamps 
spread out from Scotland till most of the firitlsh 
Carboniferous seas were blotted out. The timf-. of 
the coal^wamps, of the deposition of the Cffoi 
MeasuWf bad come. The records of these events 
can be seen in Figure 3$. 

Tht CmI Mtiuuri Rfythm^ When we look into 
the makeup of the Measures we find their 
thousands of feet of sediments to be made of in¬ 
numerable repetitions of a small standard sequence. . 

This begins with coal, followed by shale, sandy ! 

shale, sandstone, seatearth (fireclay or ganlster), ' 

and then coal again. This sedimentary rhythm can ! 
be translated into action as follows: the coal seam 
represents a period of standstill when in the tropical 
swamps and forests vegetable matter could accum¬ 
ulate to a considerable thickness; following the I 
standstill there came a rather rapid subsidence, the i 
forests were drowned by the incoming water of 
lake or sea, and the filling>up of the resulting 
depressions is recorded in the succession of shale 
and sandstone; when they were filled so that 
swamps could be formed again, forest growths 
extracted their food from the swamp^oils and 
produced the seatearths below the coal-seams. 

Coal Measure history is thus made up of a great 
number of standstills and subsidences. 

During the later Carboniferous, coal-swamp con- 1 
ditions spread over considerable areas of Northern | 
France, Belgium, and Germany, while in Russia i 
aod the Mediterranean region truly marine &clee i 
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wer« maintained. In the North-west European 
area, the uppermost Carboniferous rocks are often 
red sandstones and marls, deposited in a sems-arld 
environment; such rooks are the herald of the next 
great event in geological history, the Hercyruan 
orogeny. This had ^ady been fbreshadowed by 
movements during Carboniferous time. We exam¬ 
ine its course and io effeca on the building of 
Europe in a later page. 

In the Eastern United States, the beginning of 
the Carboniferous saw the denudation of the 
Acadian lands and renewed filling of the Appalit- 
chian geosynoline with shallow-water sediments. 
Farther west, extensive floodings have left their 
record in thick Umesiones in the Mississippi region 
and the Americans call their lower Carboniferous 
rocks the Mississippian accordingly. The Carbon- 
iferou^Pennsylvanian to the Amerlcans^was a 
time of fluctuating marine and continental con¬ 
ditions in the eastern Stata, with the eventual 
establishment of coal-swamps over vast deltas and 
alluvial plains. The days of the long-lived Appala¬ 
chian geosynclinc arc numbered: we look into its 
fate when we examine the Hercynian orogeny. 

Cerhm/fnus Lift. Before we do this we have to 
note the salient features of Carboniferous life. In¬ 
vertebrates continued to develop, though there 
were changes in the relative importance of different 
groups. Goniatites, corals, braebiopods, and fresh¬ 
water ^mussels' are among those used for soning 
the Carbooiferous rocks. Trllobites declined, their 
exit beu^ helped on by the aedviUes of shell- 
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cmhlng fisho which abounded in die aeas. The 
amphibians emerged in strength; they were awk¬ 
ward aquat creatures with broad flat beads bearing 
three eyes, a character they had inherited from the 
Cronopterygian fubes; man, that proud animal, 
should remember he too has a third eye, though 
now vestigiaL The drst rcptUes appeared and, 
(hough amah and weak, were the ancestors of the 
gigantic lords of creation of the succeeding period, 
insects of amuiog variety and size flitted through 
the tropical jungles. In these there was a rioC of 
strange trees and ferny undergrowth ; chief among 
the trees were some with jointed stems limilar to 
their lowly present-day dcKcndants the horsetails, 
and others, the scale-trees, were giant club-mossei. 
This rank vegetable matter went to make the coal- 
seams, so that we warm ourselves to-day with the 
sunshine of 300 million yean ago. With these more 
romantic themes ready to their band, why do the 
poets still sing of love or war? 

7 Ss Xdvcluiwt. Preparations for the 

great Hcrcyoian orogeny of late Palacosoic times 
had been long in the maUng. Since the Cambrian, 
the Appalachian trough had been filling with an 
immense accumuJation of shallow-water geosyn- 
clinal sediments, in spite of occasional disturbances 
and miner upheavals. In Central Europe a similar 
geosyncl^ pile bad been formed south of the old 
Caledonian northlands, and in many other parts 
of the world these foundations for revolution had 
beta laid. These belts of sedimentation-subsidence 
were the sites of violent eanh-movemenu towards 
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the close of the FalReoxoic, and another of the 
testing times of earth-history had arrived. ThU 
(ate Palaeozoic orogeny has a variety of names 
which express its importance in the structure of the 
crust. We call it here the Hercynian orogeny afler 
the Harr Mountains, but it is also known as the 
Armorican (Brittany), Varbcan {Verisca, Voigi- 
land, Saxony), Appalachian, Altaid, and so forth. 

In Central Europe, the Hercynian revolution 
developed in several pulses during late Carbonif¬ 
erous and early Permian times, reaching its maxi¬ 
mum violence at different times in different regions. 
During these disturbances, the contents of the 
geosyncline were cleaved, folded, and thrust against 
the buttresses of the Caledonian northlands, the 
packed sediments rote as mountain chains, and the 
roots of the folded belts were granitized and meta¬ 
morphosed. The relics of the great Hercynian 
mountains still (brm massiis of upland and highland 
and contrast effectively with &e gentler country 
made by the later sediments deposited between 
them (see Fig. 31). The Hercynian chains stretched 
from Ireland to the Donetz. We see their lowered 
heads in Co. Cork, in Devon and Cornwall, Brit¬ 
tany, the Central Plateau of France, the Ardennes, 
the mountain-masses of Upper Germany and 
Bohemia. As a sample of their tectonic style may 
be given the thrusting of great cakes of Devonian 
and Silurian strata over the Carboniferous in the 
Belgian coalfield. In the central zone of the 
Hercynian fold-belt, plutonic activity is revealed 
on a grand scale; we see a puny marginal mani- 
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fe$udoa in the granitic rouses of Devon aod 
GornwalL 

Htrq/mao m Brit^ and Atfurua, North of 
the violent disturbancea of the main Hercysian 
fold*belt, the revolution ia marufeat in structurea of 
4 gentler klod. We may uae Brit^ to dUplay 
them. The Garbomferoui lea-Qoora and deltaic 
awampa were elevated ; portions of them, such ai 
the Midland Valley of Scotland, moved hecween 
parallel fractures; other portions were broadly 
(bided into baaios and domea whose configuraciona 
were influenced by the old buried foundation with 
Its Caledonian and earlier trends. The higher beds 
of the Garboniferous were eroded from the domea 
and upllAed parti but were protected In the basins 
and depressions; the ff>ai-batw such as those of 
South Wales, the Midlands, Yorkshire, and Lanca* 
shire resulted. Erosion went too far in Ireland, 
where the widespread Carboniferous rocks consist 
almcat entirely of the academically interesting but 
economically unimportant Garb^Ifcrous Ume- 
stone; this is Ireland’s greatest injustice, whatever 
the politicians may say, and, to add to ii, England 
received the greater share of the eroded maienal 
though the coal itself waa destroyed. In the arid 
wastes of the elevated Hercynian land and in the 
shallow salt-Ugoons and Iand>locked seas around 
it, there were deposited the red sandstones, breccias, 
salt-beds, dolomitlc limestones and ro^ of the 
desert'fonned New Red Sandstone. These rocks 
Ue unconfbrmably above the folded Garboniferous 
and now conceal some of the coal-basins. During 
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their deposidon, rocks of true marine facies were 
being formed in Eastern Russia and the Mediter* 
raneao region and supply the standard marine 
succession of the Permian and Triassic systems. 
The close similarity in the course of events in the 
Caledonian and Hercynlan orogenies is evident. 
With the deposition of Triassic rocks in the Medw 
cerranean region a new geosyncline was initiated, a 
geoiyncline in preparation for the gigantic Alpine 
revolution of the Tertiary and to*day and so worthy 
of a special name of its own, Tethyi. 

We have already noted that disturbances and 
revolutions to be grouped with the Hercyiuan 
orogeny of Europe took place in North America 
and many other regions. The great sedimentation* 
trough of Palaeozoic geo^aphy, the Appalachian 
geotyDCline which in its prime reached from Lab> 
rador to Mexico and whose history is summarized 
in Figure 04, was near its end. During Permian 
times it was compressed from the east and its sedl* 
mentary fUHng was buc k led and thrust westwards, 
metamorphosed and granitized. The complex of 
folded ranges (see Fig. as) which now make the 
eastern border of the continent was completed*^ 
we have sorted out iu several components in the 
foregoing. During Permian times, too, practically 
the whole of North America was upURed to make 
an arid land and continued so for the Triassic 
period. In these deserts, the brilliantly^coloured 
continental deposits were formed which to*day give 
much of the Western scenery its bizarre appearance. 
Only In small gulls and embayments in the far west 
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and south of the coadnent were xoarine rocks laid 
down. 

A Testing Time for life. Widespread aridity and, 
as we see later, widespread glaciation made the 
Permo^Triassic a critioal time for life. Adapt or die 
became the law. The Coal Measures trees gave 
place to conifers. Trilobites became completely 
extinct. Among the invertebrates, the ammonites 
rose to pre'eminence. The Stegocephallan am* 
phibia dominant in the Carboniferous continued 
to thrive, and though their end was near, they, as 
Huxley put it, 'poccered with much belly and little 
leg, like Falsuff in his old age^ Kepdles evolved 
rapidly with an abundance of forms, and some 
of them found their way back to the sea. In 
Triassic times a Uny insigmfieant creature, but a 
mammal and the hmJd of all the mammals, crept 
fearfully on to the scene. 

Gcndwanalwd and its Glaciaixon. During the long 
intoval from Upper Carbonlforous to Jurassic, the 
geological history of Braail, South and Central 
Africa, Madagascar, Peninsular India, and Aus« 
tralia was in all essendals identical. It is, moreover, 
a peculiar history recorded in continental lecUments 
yielding a distinctive series of doras. It is reasoxtable 
to conclude chat these widely separated lands are 
but fragments and relics of a great continental 
land'zoass (see Fig. 25). This southern continent 
we know as Gondwanaland ; we have already con* 
sidered in an earlier page its bearing on the theory 
of Continenta] Drifr. In the northern hemisphere 
the vast tropical swamps of the Garbonlfin^us 
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gradually gave place te the arid deserts of the New 
Red Sandstone; on the southern land-mass of 
Gondwaoaland the Carboniferous closed with the 
development of ice^eeta of continental dimensions, 
the Permian was a time of cold but was wet enough 
for the formation of coal*seamS; and the Trias was a 
period of gradually incxeaalng aridity. Thisclixoatic 
contrast between the northern and southern land- 
masses in Ferxno*Carboniferous times provides some 
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of the most entertaining of geological discusdons. 
We may glance at the relevant evidence from 
Gondwanaiand. 

In Peninsular India, depressions in the basement 
of Pre-Cambrian rocks are Occupied by acctzmula- 
tions of continental &cies known as the Gondwana 
Series. The lower part of this is made of beds of 
glacial origin, a dlHte in places 600 metres thick, 
and banded varve-like clays. Associated beds have 
yielded fossil plants among which is a small hardy 



TH8 PATTZKK OF SARTB'BItTORY 21? 

fem-like pl&nt called Gioss^ptens. The GlossopUru 
flora characterisdc oi GozulwaQa ii unlike the co&< 
temporary floras of the aorthem bemisphere. The 
upper parts of the Coulwa&a Scries are condneniaJ 
sandstones, shales, and coal-seams. In the Salt 
Range of the Punjab, tillitea and fluvio-glacial 
saoditonei are intercalated with marine beds which 
are dated as of uppermost GarboniTerous or lower¬ 
most Permian age. If the dllitea are of one glada- 
tion, then the Indian ioe-sheet was ^ cooriderable 
size, reaching across some fifteen degrees of latitude. 
In many parts of Australia and Tasmania, rocks 
with the GUinpttrU flora include half a dozen or 
more thick be^ of tillite, perhaps belonging to 
three glacial events; if the banded shales associated 
with certain of these tillites are true varves then 
they record the events or4,ooo years. South Africa 
provides in the Karroo S^em a magnificent series 
of Gondwana rocks. Its base b made by the Dwyka 
Conglomerate, a tillite up to 600 metres thick, 
whi^ rests upon glaciated and moulded suriaces 
of the old basement. Marine intercalations supply 
evidence that the age of the lower beds of the 
Karroo is uppermost Carboniferoui. These are 
succeeded by great thicknesses of shales, sandstones, 
and coals^-a soies providing remarkable collec¬ 
tions of fossil reptiles proring them to beoTPermian 
and TYiasaic ages, GtosMptais has been recorded 
northwards as far as Uganda and rocks like those 
of the Karroo are wide^Koad in Mad^ascar. The 
ancient rocks of the Bra^ian Shield and of A^en- 
tina and the Falkland IdanA are cov e red over 
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extenvve anas by contmeaul rock» including 
tUlices of Karroo : CUssopuris and the Karroo 
reptiles are abundant. 

The e\adence for widespread Permo^Carbonif- 
eroiu gbciadon is thus of a high order of validity. 
It ia of course likely that the glacfadons recorded In 
the tillites of the Gondwaru are not striedy con¬ 
temporaneous and that great intervals of dme 
separated, for example, the several glaciations of 
Australia. Even so, we have to admit a general 
reftigeration on land-masses now spread from 45' 
south to 30* north of the equator and from 70* 
west to east of Greenwi^. If the glaciations 
were more or less contemporaneous, the Ice'Sheet 
was astride the equator ; if they were not contem¬ 
poraneous, the ice-sheets were near the equator 
both to north and south. Further, in South Africa, 
the direction of ice-movement is southwards, away 
from the equator. These art very rtmaricable facts 
and, as we have already seen, have received re¬ 
markable explanations. The theory of Continental 
Drifr has grouped the fragmenii of Gondwanaland 
around a south pole as one sronller continental 
mass capable of supporting an Ice^heet of reason¬ 
able siae ■, later the land-mass broke up into frag¬ 
ments which have drifred apart to their present 
positions (Fig. 18). The sialic skin has ibiited 
relative to the earth’s axis of rotation, so that frag¬ 
ments with polar facies have reached and crossed 
the equator, just as the contemporaneous tropical 
beds of the northern hemisphere have moved into 
high latitudes. 
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The proposal of ContinenUl Drift, wbac«ver its 
own difficulcMS may be, U not faced with that of 
erecting (and then demolishing) innuznerable land* 
bridges across the oceans along which the plants 
and animais of GondwanaUnd could move. There 
are great resemblances in the land-fauna, especially 
in the reptiles, found in the Gondwana beds of 
South America and South Africa, and the Glossop- 
i€ris flora is common to all fragments of the 
southern land-mass. There are now no traces of 
these sialic lind-bridgea in the sixnadc ocean-floors, 
and their removal is as great a problem w that d 
supplying the motive ftrce for continenul drift. 
However farfetched may be the explanation any 
one of ui may favour, we can all appreciate the 
colossal fact of Gondwanaland, its history and in¬ 
habitants, which calls for an explanation. 

77 u Qjii 4 t ^ thi MiJCiou. After the stormy events 
of the Hereynian orogeny we eater another of the 
quiet periods of transgression which intervene 
between the revolutionary episodes. Ac the close 
of Triassic times, the broad elements of the geo¬ 
graphy of Europe were cwo, the newly instituted 
geosynclinal sea of Tethys occupying the Alpine 
and Mediterranean regions and, north of iC, an 
extensive low-lying desert land on which had been 
deposited the red sandstones, marls, and salt-beds 
of the Trias. Over the lowlands and between the 
stumps of the Hereynian mountains, advanced with 
pauses and spurts the transgressive seas of the 
Jurassic, in whose shallow waters accumulated the 
muds, shell-banks, coral-debris, swamp material. 
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and to forth that went to form the richly fossilif* 
crotii rocks with which William Smith, Op]>el> and 
many another master were to build the foundations 
of stratigraphy. In tbelr great basins of deposition 
between the Hercynian islands, these beds have 
remained almost undisturbed and completely non* 
metamorphic, unlike the deposits of the same age 
in the Alpine geosyncline. The Jurassic, a well- 
behaved system, closed with a retreat of the seas 
and an irregular warping. The succeeding Gre* 
taceous system is likewise welUbehaved—the Gre- 
taceoiu seas advancing into the same basins, 
spreading extensively during the great Cenomanian 
Cransgression and then retreating to close the 
Mesozoic. These are the outlines of the story for 
Europe and we may now fill in a Httle detail. We 
shall find a rather more violent story in America. 

7 %« JuTAssw Fkw tnd Ehb. The record of the 
opening phase of the Jurassic transgression is an 
interesting one. It is given by a thin and persistent 
group of rocks called the Ffmiic which, though only 
a htindred or so feet thick in Britain, is found as far 
tlidd as the west and north of Scotland. The 
British Rbaeiic consists of marls, shales, thin lime¬ 
stones, and bone-bed^these latter are made up 
of rolled fragments of vertebrates—fuh, amphibia, 
and reptiles. The Rhaetic facies is best interpreted 
as formed In a shallow sea receiving only little 
sediment from a still arid and Bat land. It provides 
the transition between the continental Trias and 
the truly marine Jurassic. 

With the development of the transgression, the 


THS PATTERN OP BARTH-BIPTORY R2l 

clays and tlila Umestooes of the lowest division of 
the Jurasuc proper, the Uas^ were deposited over 
wider areas. The LiatBc sea was still a shallow one, 
lyjn^ off a northern land towards which its sedi¬ 
ments become more mndy. Among t hese are 
bedded iron-orea depodted in shallow lagoons. 
The lias is followed by the Oe^, variable clays, 
sands, and shelly limestones; in the south 
England they are of marine fiscies, in the north 
they are represented by estuarine and deltaic d^ 
posits whidi include thin and poor coal«seains. 
Next followed the cxtcsision of the 

Jurassic seas, when the Oa/W and associated 
beds were Laid down. The Jurassic period closed 
with a partial regresrion associated with the upliA 
of a ridge across the southern Midlands and the 
London area; north of the ridge In Yorkshire 
the sea withdrew comj^etely, w hiu m the south 
of the ridge a shrinking sea gave place eventually 
to a fresh-water lake. The upper Jurassic rocks, 
the htrh*€k, are here fresh-water limestones and 
terrestrial deposits showing among them fossil 
soils, and they pass upwsuds into lake deposits (the 
Wioidan) usually grouped with the ^uceous 
system. 

Tht CreUie«<MS Flood. It will be convenient to deal 
briefly with > Cretaceous events in North-west 
Europe before proceeding to America We have 
already used the development of Oetaceous rocks 
in Britain to illustrate tht record of a transgression. 
Drowning the Wealden lake in their stride, the 
Cretaceobs advanced upon the central ridge. 
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joined up from north md ioutb BcroM it, and then 
escpand^ into cbe vast ioaodaoon of the CenO' 
mflnian tranjgrGBion. We read ehs record^ u we 
have seen, in the cbaracten and extents of the 
members of cbe Cretaceous succession in southern 
England—iacunrine WeaU clay, shallow-water 
marine Greensand and Gault clay, and the marine 
Limestone, ChaUf , of the great craosgressive period; 
the higher the bed in cbe sequence, the greater is 
its extenvoQ. 

The Chalk n the osoet Cunous of the Cretaceous 
rocks. Though in recent times we in England have 
thought much of the White Glifi of Dover, even to 
the extent of singing about them, we must remem¬ 
ber that the Chalk ext e n d s from Ireland by way of 
Denmark and Germany to South Ruaia, wheie it 
is thickest Q^k contists of very fine-grained mud 
of caldum carbonate, many of the particles being 
tests of fbrainioziera, togeOter with fragments of 
shells. Common among the Ibramlnifera is the 
genus Gic^iftn^ and the chalk was at one time 
compared with the G(obigerina-ooze now forming 
on the deep ocean floors. Its deep-water ori^ is, 
however, questioned. Chalk was more probably 
depceited in a relatively shallow sea aztd owes its 
purity to the drcumstaace chat the surrounding 
lands were hot deaerts frmn which little material 
was washed in. Many features of the Oh tik rein¬ 
force this opimon—the common occurrence of 
rounded, vtind-bome, quartz grains, cbe odstence 

in Scotland ofpartlyeoliandepatits of this age, the 

character of the organisms, ami the presence of 
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certain chalk brecciaa that are of shaUow-water 
origiii. We see in the Chalk an example of the 
control exerciaed by the surrounding lands on the 
facies of a marine deposit. 

E 9 gnts in tfu American CordilUra. We may now 
consider Jurassic and Cretaceous events in North 
America. Throughout Palaeosoic history we have 
been eoncerned almost entirely with geoiyncUnea 
and revolutions in the eastern States. Now we have 
to transfer ourselves to the western part of the 
continent to review the construction of the great 
Cordillera. In Western Canada and the 5 tatei> the 
Jurassic opens with the advance of the lea in long 
narrow Inlets irom north and south along the 
present Rocky Mountain belt (see Fig. 96). On 
either side of a central rib, great thicknesses of sand¬ 
stones and limestones were formed, reinforced by 
volcanic flows. The Jurassic closed with a violent 
disturbance, called iic ^toadian, since the Sierra 
Nevada was then constructed. Tlie contents of 
the eutem sedimentation inlets were folded by 
pressure driving towards the east, the sediments 
were metamorphosed and truly glgandc bodies of 
granodiohte emplaced. The ^t element of the 
Cordillera had l^n made (Fig. 2$). 

In Cretaceous times, the sea came again from 
north and south along the eastern flanks of the 
Nevadian mountains, overspread the Gulf states 
and, during the great suboiergence of the Upper 
Cretaceous, the two Inlets joined to make a great 
geosyncUnal sea irom Alaska to the Gulf of Mesdco. 
In this, a pile of sediments and lavas accumulated 
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till che episode ^ aedummmSoa eoded with the 
shallowing c£ the geosyDclinal trough and the 
fonnadon of swamp and deltaic beds. At the close 
of the Cretaceous period the coofiderable LaramuU 


Fif. HiiiDcy of ibe GadOlota GcerrBcttM: the diibv 
butMA afaod aad teaBCiR tiaM* diirtat (be Mcsosoic. 

(be pelieeftBiTsphic recowtiucbew of 

orogeny produced the second element of Gordil- 
leran arcluiectuie, the Roddes themselves. The 
Cretaceous geosyodinaJ pUc was arched, folded, 
and thrust the west ipbtcm acttvity, as usual, 

accompanied the revolution and s^zaeots <£ (he 
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pile were metamorphosed and granitized. The 
great western GordiUerR of both North and South 
America arose as a formidable mountain-belt in 
early Tertiary times: the western condnent was 
receiving its present shape. The third element in 
the Cordillera was added in the late Tertiary as 
the result of disturbance along the Pacific border. 



Pif. 97. Aiaoonitet (reproduced by permiMieB ofH.M. 
Oeol^iesl Survey) 


Iff Ou M 4 sctaie Tima. Durit^ the Jurassio 
and Cretaceous, many remarkable and mostly 
unsuccessful experiments were made in living 
creatures. It U true that no new types of inverte¬ 
brates were evolved and the ammonites (Fig. 97), 
already present on the scene, were the dominant 
(orm^'^their endless variety provides the material 
for the zoning of the Mesozoic rocks. Among the 
plants, true ferns became widespread and the coni¬ 
fers improved their position. Fish and the smaller 
amphibia flourished, true birds flew for the flist 
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time, but the masters of the Mesozoic were the 
reptiles. These aboxinded in an astounding variety 
of form and size and they conquered aU the habitats, 
laod^ sea, and air. Some of them were colossal, 
wei^ng perhaps between thirty and forty tons. 
But they were not brilliant animals, their brains 
perhaps amounting to a couple of ounces per ton 
of their weight and, though they tried many 
experiments in the way of bony armour, spikes, 
and Itnobs, they declined and mostly perished. In 
the midst ofthne fantastic perils, the small rat‘like 
mammals managed to survive secure for the future 
in the poeteaion of two qualities that were to make 
them rulen of the Tertiary worid-»tbeir habit of 
nursing (heir young, and their warm blood. 

Thi Ttriiay. Post-Creiaceous lime, dignihed by 
the name of Tertiary, amounts as a whole to no 
more chan some seventy million years. Since the 
chief centres of learning of Western Europe are 
situated on Tertiary sidimcnts and since these sedi* 
ments abound in ibtsils not very different from 
living forms, it Is not to be wondered at that the 
Tertiary sedimeniary record has been investigated 
in great detail, split into divisions and subdivisions 
based on the slightest movements of land or sea. 
Apart from a few special events, such as the devel¬ 
opment of man, the formation of modem geosyn* 
cHnes and a frrsl'Class glaciation, Tertiary history 
records its most exciting episodes not in the sedi* 
mentary rocks but by volcanicicy and orogeny on 
the grandest scales, ^cordingly, it will be fitting 
for us to dismiss in a few par^^aphs the general 


THE PATTERS OP EARTH-HISTORY 227 

record of Tertiary sedimeniaiion before we deal 
with the more spectacular happenings- 
In Europe, the geography of Earlier TercUry 
limes, like that of many previous times, comprised 
two main elements; north of the old Hercynian 
stumps was a North Sea across South-eut England, 
Northern France, Bclgivun, Denmark, and North 
Germany, and south of the massifi the Medicer* 
ranean Sea of Tethyi continued, in spite of certain 
premonitory bucklings of Its floor. The record of 
the northern sea u chat of a transgression over the 
warped Chalk lands—we have deuUed its course 
in England in an earlier page and by Oligocene 
times a shallow lagoonal sea had extended iuelf 
over lower Germany and Poland and had pene¬ 
trated between the Hercynian massifs. In Hamp¬ 
shire, the Oligocene strata include continental 
deposits and the Earlier Tertiary as a whole was 
brought to a dose by the general uplift accompany¬ 
ing the climax of the Alpine orogeny in Miocene 
times. Outside Tethys, the orogeny reveals itself 
by the manor flexures which have produced the 
classic 'basins’ of London. Hampshire, and Paris. 
Europe had now received almost its flnal impress 
except that Italy was still beneath the waters of a 
shrunken Tethys. The Later Tertiary in Europe 
is a record of minor transgression and regression— 
the Mediterranean Pliocene, for example, providing 
in Italy a beautifully complete sedimentary cyde. 
Ei^lish Pliocene deposits are represented by the 
‘Crags' of East Anglia—sheil-baslts and ja nd spits 
along a distributary of an earlier and greater lUiine. 
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By the end of the CreUceoua» North America 
had aaumed, by proeeseee we have examined^ 
aloiwt it$ present outline and, during the Tertiary, 
it acquired iu present relief through vast adjust¬ 
ments, mainly of faulting. Important terrestrial 
accumulations modihed the surface and marine 
Tertiary sedimentation was conhned to the Pacific 
border and to the Gulf States. Thick deposits in 
the former region were afiected and are being 
affected by Che last element of CordiUeran struc- 
ture> the Caseodt disturbance. In parts of the Gulf 
States—Louifiana In particular—Tertiary sedU 
mentation is on so vast a scale that it is clear chat 
we are wicnessing the growth of a modem geosya* 
dine; already about 30,000 feet of shallow-wacer 
deposits have accumulated. 

Tfu Mammals sumowl tfu Ttrliary Trials. We 
have already noted that the Tertiary was a time of 
profound unrest. Volcanic outbursts proceeded on 
a gigantic scale, the grandest rnountain-beltt of all 
time were erected, violent earthquakes rocked great 
segments of the emit, the continents were enlarged 
and came co stand higher with a more diversified 
relief than ever before, belts of extreme climatic 
differences were estabibhed and, to crown all, an 
ice^heet overwhelmed millions of square miles. 
It b during this seventy million years of turmoil 
(hat (he mammab have eome co the fore. During 
the last few millions the highest mammal, man 
fumself, has come to master the storm, if not hicO' 
self. All these dements of unrest are still operating. 
Volcanoes are active in the great 'belt of fire’. 
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earthquakes shake the world daily, and in certain 
zones we see orogeny in action. It is possible that 
many acute questions of European politics will be 
linaliy solved by the quiet and inexorable return 
of the ice'sheet. Man has certainly been reared 
in a hard school. 

Ttrita^ IWeanMf. During the volcanic episodes, 
especially those of the early and middle parts of 
Tertiary time, colossal volumes of basaltic magma 
were delivered at the surface, most likely, as we 
have already argued, by way of fissures penetrating 
deep within the crust. The Deccan Traps of India, 
the Columbia lavas of the Western States, the 
Patagonia basalts and other piles of Tertiary 
lavas, covered hundreds of thousands of square 
mites with dominantly basaltic fiosvs up to 10,000 
feet in total thicknets. Outpourings of basaltic and 
more acid magmas have continued to to-day along 
the zones of crustal instability as, for instance, 
around the Pacific rim and along the great African 
rifts. 

In early Tertiary times, basaltic flows began to 
build up in the north Atlantic region a vdcanlc 
pile to which fresh additions are still being made in 
Iceland. Relics of this lava-field are seen in Antrim, 
the Western Isles of Scotland, the Faroes, Green¬ 
land, and Iceland. Whilst it is reasonable to 
account ft>r this gigantic pile by outpouring from 
fissures, there were also in operation central vol¬ 
canoes of astonishing complexity. Such centres 
are seen in Skye, Run, Ardnamurcban, Mull, and 
Arran in Scotland, and in the Moume Mountains 
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and CaiUogford in Northern Ireland. By denuda¬ 
tion at thcM centres there is revealed at dlHerenc 
levels the intncate anatomy of great volcanoes. 
In Mull, for example, there is a bewildering sue* 
cession of caldera^ubsidences, intrusion of ring- 
shaped dykes and cone^ped sheets, paroxysmal 
eruptions, quiet lava*oucpourings, and deep-seated 
intrusions. The cnuch-simplified section of Figure 
9 $ gives an idea of Mull volcanic complexity. 
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Pig. «9. Th« CMBpleuty ef the MuU VokuM of Terdary 
Time. (Beied upee ngue p. SJ7, oftbe r«rfta9 4stf 
^MaiL Meo. Geol. Survey, Scot* 
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Th$ Let us now con^der the 

Alpine orogeny. We have noted the birth in 
Triaavc times of the Mediterranean geosyncline of 
Tethys and its development in later periods up to 
the Middle Tertiary. We have displayed In some 
detail the style of tectonic edifice chat was erected 
in the Alpine portion of Tethys. Here In the Alps 
is orogeny In io most extreme form. Elsewhere 
along the course of Tethys the impulse is not so 
one-sided, the erogenic belt is broader and ex* 
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hibits R certain degree of bilateral symmetry. The 
Alpine fold-belt (Fig. 29) begins at the Straits of 
Gibraltar, with the Bede Cordillera of Southern 
Sp^ as ita northern branch and the Adas as its 
southern. The northern branch continues by way 
of the Balearlcs and the Pyrenees into the Maritime 
Alps, makes the great arcs of the Alps themselves, 
the Carpaihisms and the Balkan moimtsilns, crosses 
the Crimea into the Caucasus and continues by the 
north Persian ranges into the high Himalayas. The 
southern branch passes fi'om the Atlas into the 
Apennines and to into the tightly compressed 
Alpine arc, diverges to form the Dinarics, extends 
into Greece, crosses into the Taurus and beyond to 
the mountains of southern Persia and Oman, and 
bends north at the Indus through Baluchistan to 
join the northern stem in the Himalayas. From 
here, the Alpme belt is continued into Burma, 
Malaya, and the East Indies, diverging to make 
Kew Guinea and New Zealand on the one hand 
and Japan and the other Asiatic island festoons on 
the other. Outside the southern branch in various 
regions such as the Persian Gulf and the Icido- 
Gangedc plain, we see the formation of a new 
geosyncline, while in the East Indies we see orogeny 
in action. Observe the great arc of Sumatra, Java, 
Flores, and the other islands, with the smaller arc 
parallel to it off the soucb»west coast of Sumatra. 
Here is a region of marked crustal instability in 
which deep^ea deposits are upllAed, violent earth¬ 
quakes are common, great volcanoes are aedve— 
the festoons are e xpre ss ions of an embryonic moun- 
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taui'chain naing from the deep. Along ft narrow 
scrip in front of tbc main arc and indudii^ the 
minor arc (here are great dedciendes in graviry, 
uostadc balance Is completely upsets and clearly a 
light mountain‘root ia forming. 



Viewing the Alpine belt as a whole (Fig. 39) we 
obtain a general picture of the approach of Gond« 
wanaJand towards Europe and Asia with the 
squeealog of the sedimentary filling of Tethys 
between them. We have now seen that the Alpine 
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orogeny in the vHder sense is made up ofNevadlaa, 
Laramide, and Alpine phases, and is not yet 
fi n is h ed. Throu g h it have arisen the great mo un* 
tain zones of to-day. 

77 u Gnat The last episode m Tertiary 

history that we have to consider is the recent 
glaciation. The uppermost beds of the Pliocene in 
England, for example, indicate that conditions were 
changing from temperate to arctic; above them is 
a bed with arctic plants, the herald of still worse 
conditions, for it is itself covered by glacial deposits 
laid down by the Pleistocene ice-sheet. In Northern 
Europe, Scandinavia was the main centre of jce« 
dispersal and lee from mere impinged on the 
British cos4t and competed with local ice nourished 
in the Highlands and on other high grounds. The 
ice covered some three million square miles in 
Northern Europe and another ioiheet nearly 
twice as large occupied Canada and the northern 
Sutes (Fig. 30). Alpine glaciers increased their 
size into piedmonts and in the Southern hemi- 
sphere, too, the general refrigeration was apparent. 

The glaciadon Is not a single continuous process 
but was interrupted by a number of interglacial 
stages when the cUmatlc conditions improved and 
the ice-fronts retreated. Intergladal stages are re¬ 
corded in &vourable circumstances in the strati¬ 
graphy of the gladai deposits—boulder-elays, for 
example, being separated by beds of a warmer 
facies, containing fossils of plants or animals of more 
temperate climates. The duration of the inter¬ 
glacial stages has been estimated by the degre e of 

ft 
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weathering of the earlier boulder*day below. Thus 
in the AlpS; where four glacial stages have been 
demonstrate^ the duradon of the interglacial 
st^es has been guessed (not aa uofair word) as 



Fig. JO. Tl»e Pleatocene GUcladoa in (hr Noribera 
Hemuphere (after E. Aacevi) 


75iOOO, 300,000. and 75.000 yean; the length of 
dme that has elapsed since the last glacial suge 
up to the present dmn u estimated as 95,000 years. 

The great ice-sheets blotted out the pre-glacial 
topography and spread as they retreated an 
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irregular blanket of driA upon it so that many 
features of preseat-day dralnage-rystenu appear 
abnormal misfits. The weight of the great masses 
of ice depressed the land areas and their growth 
abstracted water from the seas» so that when they 
finally disappeared, readjustments from both causes 
led to a complicated post-glacial fluctuation in sea* 
levels, recorded in raised beaches and submerged 
forests. Since the glacial period, parts of Scan* 
dinavia where the load was heaviest have been 
elevated 250 metres, and we may recall that the 
movement is still going on at about one centimetre 
a year. The final retreat of the ice was followed in 
the glaciated areas by the eitabliihment of tundras 
#nd steppes, leading to the present forest conditions 
•'--though man has made short work of most of the 
trees. 

The cause of large-scale glaciation is not the 
concern of the geologist, but he can contribute to 
the discunion iw geological fact that glaciations 
have been associated with continental elevation. 
Other suggested factors are changes in solar radia¬ 
tion, in the composition of the atmosphere, in the 
distribution of land and sea, and in the eccentricity 
of the earth*8 orbit. Let us be content in this little 
book to contemplate the grandeur of the fact of 
recurrent glaciation. 

L^ft iff thi Tffiiaiy. Tertiary life had a modem 
look from the start. The forests were essentiaUy of 
modem aspect and, fit>m the presence of grazii^ 
animals, grasses must have clothed the lands by 
mid-Tertiary time. Invertebrates had finished their 
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major evolution long before and lome important 
groups, such as the ammonites, did not pass Into 
che Tertiary. Toothless modern birds appeared. 
The reptiles, dominant in the Mesozolci could not 
stand the Tertiary pace and their grotesque ex* 
penments of the Cretaceous failed and, as they 
failed, the lowly mammals swept into power. The 
Tertiary is the *age of mammals’. The early forms 
were s^l mean*loolung beasts with many of the 
attributes of, say, the modem hedgehog. But 
evolution was rapid and diverse. Developments 
went along four main lines-^ size of body and of 
brain, and In speclaliastion of teeth and of feet. 
Adaptation to varied environments resulted in the 
production of the abundance of modern types. The 
foRiUferous Tertiary rocb have supplied complete 
ancatral trees for many of our modem animab, 
such as hones, elephants, camels, and ibe marine 
mammals. It is man and his relatives whose an* 
cestry is in moft doubt. The older Primates, to 
whi^ order man belongs, were probably derived 
from Creuceous insectivores, something like a 
modem iree*shrew, and by way of early Icjnur>like 
forms provided the great apes from which man has 
sprung. Life in the trees demanded good sight and 
a proper estimation of distances, a good balance and 
well'developed grasping powen in the limbs. With 
the agility of b^y went a nimbleness of brain to 
co*ordinate che new functions, by the Pliocene 
something like a man had appeared. The trying 
times of the ic^age converted this creatx^ into a 
real man. With thi« emergency upon him, he 
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fowd the use of tools and of fire, and took shelter 
in caves and made himself more or less permanent 
habitaUons. His bones are exceedingly rare as 
fossils, but his Implemend are abundant in Pleisto¬ 
cene accumulations, These reveal an increasing 
degree of skill in working such intractable materials 
as dint and bone, and by the time the geologist 
hands over the story to the archaeol^isc, maxi has 
become an accomplished, if not a particularly 
attractive, being. His story then concerns the 
archaeologist and historian—we leave him to them. 

The PcUtm of Earth-History. We have travelled a 
long way since we fixst encountered the i,750> 
million-year-old Manitoban conglomerate and 
have seen a srraxige series of events and a bewilder¬ 
ing procession of life in our passage. From it all, 
the pattern of earth-history has emerged in cycles 
of geosyncUnal quiet and orogemc unrest with vol¬ 
canic and plutonic embellishments falling into their 
proper places. In that portion of the history which 
is relatively clear to us we have examined the 
records of the formation of Lower Palaeozoic, 
Upper Palaeozoic, and Mesozoic geoiynclines, each 
followed by its appropriate orogeny, Caledonian, 
Hercynian, and Alpine. The revolutions resulted 
in abnormal conditions, high and wide continents, 
octremes of climates, growth of ice-sheets. Each of 
these testing times has seen a spurt in organic 
evolution, vertebrates triumphant over the dlfli- 
culti^ of the Galedooian, the reptiles over the 
Hercyjuan, and the j^d man over the 

Alpine. 
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What of thi Fvtoft? Because of our lack of suffi¬ 
ciently detailed and worldwide knowledge, it is 
ea^y possible to over-umplify the record, but still 
the* pattern seems to remain. Is the pattern clear 
enough to be used to foretell the geological future 
of the earth? Consider the physical environment 
firsi. If the Alpine revolution has hnisbed, we may 
look forward to a quieter period when coitdidons 
may be less rigorous. We have teen, however, that 
the Alpine orogeny may be still contbuing and it 
is possible that the abnormal events accompanying 
orogeny are by no means yet completed. The ice- 
iheets may yet return. Post-glacial time is a mere 
85,000 yean, while the previous interglacial stages 
listed at least three times as long—we may be 
sunning ourselves in a fourth interglacial suge. 
On the ocher hand, if the glaciation is finished and 
a geofynclinal time is coming, the ice-sheets will 
be completely melted and the levels of the seas hie 
by some hundred feet. There is, however, no urgent 
need for the dweller in the Strand to put his name 
down for a flat on Hampstead Heath—geological 
events move slowly and this particular one may not 
happen at all. 

We add a last word on the geological future of 
man. From the geological record it Is observed that 
the dominant forms, evolved during the of 
stress, prevailed for a hundred million years or so. 
Mao, with his beautiful brain, is as disdnet from the 
rest of the mammals as these were from the reptiles. 
At the widest estimaie, man has dominated for a 
few million years and, if the pattern is correct, he 
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soil has a long while to nm. When he has learnt to 
control himself and bis surroundings better—these 
including especially the glAs from the crust-^there 
can be no supplanter. But perhaps the Mesozoic 
reptiles had the same idea about their situation and 
paid little heed to the rats of mammals gnawing at 
their tails. 


The tale is told. The geologist, ‘standing on the 
earth as upon a footstool*, Ic^ at the past with 
wonder and turns to the future with hope. 2 n manu 
Domifd runi omner Jines Urra$. 
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